Excimer laser crystallisation of amorphous silicon for photovoltaics. by Adikaari, Adikaari Appuhamilage Damitha Thilanga.
7550687
M o o t  2 5  QT-SA.
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion.
uest
ProQuest 10130240
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
E x c i m e r  L a s e r  C r y s t a l l i s a t i o n  o f  A m o r p h o u s  
S i l i c o n  f o r  P h o t o v o l t a i c s
Adikaari Appuhamilage Damitha Thilanga Adikaari
Submitted for the Degree of 
Doctor of Philosophy 
from the 
University of Surrey
U n i S
Nano-Electronics Centre 
Advanced Technology Institute 
School of Electronics and Physical Sciences 
University of Surrey 
Guildford, Surrey, GU2 7XH, United Kingdom.
September 2005
©  A. A. D. T. Adikaari 2005
For Amma
S u m m a r y
Renewable energy has become the preferred source to replace the ever-depleting 
conventional energy sources. Photovoltaics, commonly known as solar cells, have been an 
attractive option in this regard, but their high cost and relatively low efficiency compared to 
conventional power generation techniques has prevented widespread application. Silicon 
has been the most widely used photovoltaic material for decades. Thin film solar cells have 
become an attractive alternative for the conventional bulk crystalline solar cells since they 
are cheaper to produce. However, the thin film counterpart of crystalline silicon, known as 
hydrogenated amorphous silicon (a-Si:H), has its drawbacks in photovoltaic applications.
The use of excimer lasers for crystallisation of a-Si:H has been widely investigated 
for microelectronic applications. This thesis is concerned with excimer laser crystallisation 
of comparatively thick a-Si:H films for photovoltaic applications. Films thicker than 300 
nm, which are necessary for adequate light harvesting, undergo partial melting upon 
excimer laser irradiation up to energy densities of 300 mJcm"2. Partially melted and 
solidified films result in stratified structures with different grain sized layers with an 
unconverted amorphous layer at the bottom. These stratified films are employed as light 
absorbers in different device configurations. Also, the resulting nanocrystalline films are 
considered to be less susceptible to light degradation due to fractional contributions from 
the amorphous phase. Surface morphology resulting from excimer laser crystallisation is 
identified as a low cost light trapping technique. Hydrogenation is found to increase 
conductivities of excimer laser crystallised silicon, which can be used to further improve 
the material. For 100 nm thick films an energy window is identified which results is nano­
polycrystalline silicon with enhanced band gaps. This phenomenon is proposed to be due to 
a combination of a critical composition of hydrogen in the films along with confinement 
effects due to smaller crystallites.
Simple Schottky barrier devices and p-i-n structures were utilised to investigate the 
behaviour of stratified absorber layers. Schottky barrier solar cells show promising photon 
conversion efficiencies, however, at low photon densities. Optimisation of device 
fabrication methodology is necessary in order to further improve the p-i-n solar cells which 
are affected by high series resistances and shunting problems.
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Introduction
1 I n t r o d u c t i o n
1.1 Evolution of Photovoltaics
Photovoltaics have been around for over half a century as an alternative energy 
source in comparison to fossil fuels. A ‘photovoltaic’ device transforms the energy of light 
photons into electrical energy. The most widely used method to harness energy in this form 
is the use of semiconductors. Semiconductors absorb photons when exposed to light and 
then by utilising a built-in potential sweeps carriers across the material to transform them 
directly into electrical energy, which can be used immediately or can be stored for later 
consumption.
The photovoltaic effect was initially reported in 1839 by Becquerel. Slow progress 
followed and various types of cells were investigated into the mid 20th century. (Green, 
1982) In 1954, the Bell laboratories announced the first photovoltaic structure which 
converted light into electricity. The cell comprised of a silicon p-n junction and yielded an 
efficiency of around 6%. (Chaplin et al., 1954) The device was a groundbreaking discovery 
compared with the 0.5% efficient commercial cells available at the time. Rapid growth 
followed and silicon cells found applications as power sources in spacecrafts in the late 
1950s, and was the major application for solar cells during the decade to follow. The 
technology benefited greatly from the continuously improving standards of silicon 
technology, developed originally for transistors and later for integrated circuits. During the 
1970s, the technology kept improving, making significant improvements on the efficiency 
of photovoltaics. The increase in efficiency opened up the possibility of other applications, 
especially terrestrial applications. By the end of 1970s the terrestrial use had overtaken the 
space industry use. The increase in production volume accompanied cost reductions as 
well, which further expanded the range of applications.
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Photovoltaics have been an attractive energy conversion method due to their unique 
characteristics. The method is extremely environmentally friendly and renewable. 
However, even after decades of research and development, the high cost has been the major 
obstacle for photovoltaics to compete with conventional energy conversion methods. The 
high production cost of crystalline silicon solar cells demanded new cheaper alternatives. 
The ‘thin film solar cell’ concept that utilises a few microns thick material compared with 
thick crystalline silicon solar cell, was expected to be the answer to this problem. In the 
early 1970s, the advent of the world energy crisis increased the research interest on thin 
film solar cells. By 1975, a few candidate thin film materials had been identified. Out of 
these, thin film silicon, copper oxide, cadmium telluride, copper indium diselenide and 
copper sulphide promised great potential. Thin film solar cell technology continued to grow 
throughout the 1980s and 1990s because of its potential low manufacturing cost. Large area 
device capability of these technologies made them even more attractive. (Catalano, 1996)
Today’s photovoltaic market is dominated by silicon solar cells. Crystalline silicon 
solar cells have a huge ~ 86% share of the market. (Goertzberger &  Hebling, 2000) 
Czochralski grown silicon has been the major raw material for decades. Silicon melted in a 
quartz crucible results in Czochralski silicon after pulling the melt with a crystalline silicon 
seed. Cast polycrystalline silicon and methods such as ribbon silicon and silicon from 
‘edge-fed’ growth regime also contribute to the raw materials market. Although there has 
been a slow reduction in crystalline silicon photovoltaic module costs, they are still too 
expensive to compete with conventional energy sources. Therefore, it is expected that these 
‘first generation photovoltaics’ from single crystal silicon will be replaced by ‘second 
generation photovoltaics’ that will predominantly be based on thin film concepts. (Green, 
2001)
A number of alternative materials have been under investigation to be used as raw 
materials for the second generation solar cells. The most promising thin film technology 
has been amoiphous silicon. The discoveiy of hydrogenated amorphous silicon (a-Si:H) by 
Chittick et al. (1969) was a significant milestone for thin film solar cells. Carlson and 
Wronski (1976) reported the first solar cell using amorphous silicon with a maximum 
efficiency of 2.4%. Development of amoiphous silicon solar cells was rapid and a steady 
increase in efficiency was achieved. But the material had an inherent defect, which became 
a major obstacle for the popularity of these devices. The cells used to degrade in terms of 
efficiency by light soaking, which was later known as the ‘Staebler-Wronsld’ effect. 
Although the effect was reversible, the reduction in efficiency had its implications on
2
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further developments. (Staebler &  Wronski, 1977) The a-Si:H solar cells found application 
in the electronic devices industry despite their moderate efficiency. New concepts such as 
multi layer arrangements are expected to increase the efficiency of a-Si:H cells even 
further. The multi layer concept utilises multiple cells stacked on one another in order to 
capture photon energies at different wavelengths. (Bube, 1998) a-Si:H solar cells cater for 
13% of the photovoltaic market. (Goertzberger &  Hebling, 2000)
Apart from various forms of silicon, several other types of materials have been 
investigated over the years for photovoltaic applications. These are broadly categorised into 
four groups as; III-V materials, II-VI materials, I-III-V1 material and polymers and organic 
materials. (Bube, 1998)
Several compound semiconductors from III-V group have been investigated and 
successfully used in solar cells. Gallium arsenide has been the leading material from the 
group, since it has an ideal band gap (1.43 eV) for photovoltaic energy conversion. (Green, 
1982) Gallium arsenide shows superior optical absorption as well as higher carrier 
mobilities than silicon. However, these apparent advantages pose problems for solar cell 
applications. The higher carrier absorption results in high carrier excitation near the front 
surface, upon radiation. This results in higher surface recombination losses. The direct band 
gap of gallium arsenide enhances intrinsic recombination resulting in reduced carrier 
lifetimes. However, desirable lattice matching qualities of gallium arsenide have enabled 
the use of other compound semiconductors to form ‘heterojunctions’ to eliminate some of 
the drawbacks. Efficiencies of gallium arsenide solar cells have been among the highest for 
any single junction solar cell, lying between 20% and 30%. The fabrication cost of gallium 
arsenide solar cells is significantly higher compared with other technologies, limiting their 
applications to concentrator systems and space industry use. Indium phosphide is the other 
material of interest in III-V group which has a band gap of 1.34 eV. Indium phosphide 
shows similar characteristics to gallium arsenide. Heterojunction cells with good lattice 
matching have resulted in efficient solar cells. However, the efficiencies have been lower 
compared to gallium arsenide solar cells. High production cost is a drawback for these cells 
as well.
Several materials from II-VI group have attracted interest for solar cell 
applications. Cadmium telluride has been the most successful candidate, mainly due to its 
near ideal band gap of 1.4 eV, for photovoltaic applications. In contrast to the other 
chalcogenides in this group, cadmium telluride can be made n-type or p-type, which has
3
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contributed to the popularity of this material. Steady increase in efficiency has been 
observed over the time, with current efficiencies around 10%. Most of the structures use 
heterojunctions. Major drawbacks of the technology have been the toxic nature of cadmium 
and the difficulty of producing low resistant contacts onto the p-type material.
I-III-VI materials have been formed by replacing the II component of II-VI 
materials with an I-III compound to form materials with better properties. Copper indium 
diselenide emerged as the most successful material from this exercise. Copper indium 
diselenide has a lower band gap compared to other photovoltaic material. Its 1.04 eV direct 
band gap results in higher short circuit currents and lower open circuit voltages. It shows 
lower lattice mismatch enabling the use of various types of heterojunctions. The present 
technologies yield about 18% efficient cells. Copper indium diselenide cells have excellent 
stability under operating conditions. Environmental concerns have been the biggest 
problem for this technology, due to the involvement of toxic chemicals. The availability of 
indium might also become an issue in the case of mass production.
During the past decade, organic materials have become very attractive for solar cell 
applications, primarily due to the prospect of high throughput due to ease of manufacture. 
In addition, organic materials have the potential to be used as flexible devices which may 
be integrated into building materials, with the added advantage of colour tuning through 
chemical structure. Organic photoelectrochemical devices differ from inorganic 
semiconductors in several important aspects. In these devices, photo-generated excitations 
are strongly bound and do not spontaneously dissociate into charge pairs. Charge transport 
occurs mainly by hopping between localised states, and the mobilities are low. Although 
the absorption coefficients are high, enabling thinner devices less than 100 nm, the 
absorption spectral range is relatively narrow. (Nelson, 2002) These materials are 
susceptible to degradation in the presence of oxygen and water. Energy conversion 
efficiencies of over 2% have been reported, and the technology is being vigorously 
investigated at present. (Gratzel, 2001)
The dye-sensitized solar cell (O’Regan &  Gratzel, 1991), which is also a 
photoelectrochemical cell, has been a very attractive alternative to conventional 
photovoltaics during the last decade. In contrast to the conventional silicon systems, where 
the semiconductor assumes both the task of light absorption and charge carrier transport, in 
dye-sensitized cells, the two functions are separated. Light is absorbed by a sensitizer, 
which is anchored to the surface of a wide band gap oxide semiconductor. Charge
4
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separation takes place at the interface via photo-induced electron injection from the dye into 
the conduction band of the solid. Carriers are transported in the conduction band of the 
semiconductor to the charge collector. The use of sensitizers having a broad absorption 
band in conjunction with oxide films of nanocrystalline morphology permits the harvest of 
a large fraction of sunlight. Overall solar conversion efficiencies of ~ 11 %  have been 
reported so far. (Gratzel, 2001) Dye-sensitized cells show good prospects of lowering 
photovoltaic production costs compared with conventional devices. (Gratzel, 2004)
Figure 1.1 summarises the evolution of photovoltaic technologies in terms of 
device efficiency. (Shaheen et al., 2005)
In the light of these developments, low cost, highly efficient, stable and 
environmentally friendly solar cells are still being pursued vigorously, after the realisation 
of the rapid extinction of known fossil fuel reserves during the recent past.
1.2 Aim of Project
Despite the significant number of new research projects with great potential for 
photovoltaic applications, ~ 99% of the current photovoltaic market is still supplied by
5
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silicon based devices. This situation has prompted researchers to try to optimise silicon 
based photovoltaics, which has the advantages of availability, environmental friendliness 
and the broad knowledge base due to the microelectronic industry. In this context, if the 
advantages of both crystalline silicon and large area capability of amorphous silicon 
technologies can be blended into a single compound technology, the rewards and potential 
to the renewable energy sector is immense. Different methods have been investigated for 
the production of thin film crystalline silicon over the past two decades. Of these, the most 
attractive technique has been crystallisation of a-Si:H. Compared to different crystallisation 
techniques, the use of a laser to crystallise a-Si:H thin films has attracted much attention.
The early efforts on utilisation of lasers were concerned with material treatment 
such as activation of ion implants. (Young et al., 1982) Application of different types of 
lasers to crystallise a-Si:H soon followed. The use of ‘excimer lasers’ for annealing 
purposes became very attractive after the pioneering work conducted by Sameshima et al. 
(1986) in the mid 1980s. However, this work was specifically concentrated on thin film 
transistor fabrication.
Excimer lasers are specifically preferred for crystallisation of a-Si:H, due to the 
high ultraviolet absorption coefficient of a-Si:H. The term excimer is derived from ‘excited- 
dimer’, a description of a molecule consisting of two atoms which exists only in an excited 
state. These lasers operate in the UV  range, with a small pulse duration in the order of 20- 
30 ns. Almost all the pulse energy from the excimer laser is absorbed by a-Si:H within a 
few nanometres into the material. This raises the temperature of a-Si:H above the melting 
point without harming the underlying substrate, which has enabled the possibility to use 
cheap materials like glass as substrates, which has a low melting point. (Ready et al. 1989) 
Extensive research on this subject has been carried out for the past two decades. In excimer 
laser crystallised silicon, the crystallite size varies from small nanocrystalline clusters in a- 
Si:H matrix to large-grained polycrystalline silicon with grain sizes in the order of few 
micrometres. The technique has been extensively used to fabricate polycrystalline thin film 
transistors.
Considerable interest has been drawn on the applicability of the technique for 
photovoltaics. However, due to the restriction of film thickness attainable, the method is 
less attractive for photovoltaics as a direct adaptation from existing thin film transistor 
technology. Use of excimer lasers to crystallise thick a-Si:H result in partial melting of the 
films, resulting in stratified nanostructures. These stratified systems promise great potential
6
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for photovoltaics, and the project aims at initial feasibility studies on applications. The 
investigations here focus on the use of a 248 nm excimer laser to crystallise thick a-Si:H 
films, 300 nm or more as absorber material for solar cells. Basic device fabrications are 
utilised, along with standard measurement techniques for a complete appraisal of the 
methodology used. A section on material characterisation precedes the device analysis.
1.3 Organisation of the Thesis
Following the introduction, basic photovoltaic device physics is introduced in 
chapter two. In chapter three, current silicon thin film technologies are briefly discussed, 
focussing on a-Si:H. An in depth review on excimer laser crystallisation of a-Si:H is also 
presented in chapter three. The fourth chapter presents the experimental procedures 
adopted, along with brief descriptions of the analysis techniques. Chapter five discusses the 
thickness dependence of the properties of excimer laser crystallised silicon. Band gap 
enhancement in excimer laser cystallised silicon is discussed in chapter six. Effects of post 
crystallisation hydrogenation on excimer laser crystallised silicon are presented in chapter 
seven. Chapter eight presents the analysis of Schottky barrier solar cells with excimer laser 
crystallised intrinsic layers. The chapter discusses relevant material characteristics followed 
by output characteristics of the devices measured using an A M  1.5 class B solar simulator. 
Chapter nine presents the initial findings on p-i-n solar cells fabricated with an excimer 
laser crystallised intrinsic layer. Chapter ten concludes the work with identification of 
major discoveries and future research possibilities.
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2  B a s i c  P h o t o v o l t a i c  D e v i c e  P h y s i c s
Photovoltaic devices collect photo-generated carriers from optical absorption, 
giving rise to a voltage and/or a current in an external circuit. Photovoltaic devices utilise 
an internal electric field as the carrier extraction mechanism. In this chapter, the basics of 
optical absorption and recombination of excited carriers in semiconductors are introduced, 
followed by the different types of photovoltaic systems. Essential physics of these 
photovoltaic devices are also introduced. The discussion is taken primarily from Sze 
(1981), Green (1982), Bube (1992, 1998) and Nelson (2003).
2.1 Light Absorption M echanisms in Semiconductors
Optical absorption in a semiconductor is explained by Beer’s law, through the 
absorption coefficient, a. The intensity of transmitted light I through a semiconductor of 
thickness d, is given by equation 2.1, where /0 is the incident intensity.
I  = I 0 Q X p ( - a d )  (2.1)
Optical absorption in the semiconductors is known to have two basic mechanisms: 
intrinsic and extrinsic.
2 .1 .1  I n tr in s ic  O p t ic a l  A b s o r p t io n
Intrinsic optical absorption corresponds to photo-excitation of an electron from 
valence band to conduction band. If the minimum of the conduction band and maximum of 
the valence band occur at the same point in /c-space, a vertical transition occurs due to 
absorbed energy from a photon. Such a transition is called a direct optical absorption, 
where the energy gap at this point is the direct band gap [p ) of the semiconductor. If the
minimum of the conduction band and maximum of the valence band occur at different
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Figure 2.1: Absorption o f a photon in a) direct, and b) indirect band gap semiconductor.
points in /c-space, for the transition to occur, a simultaneous absorption or emission of a 
phonon is necessary. This type of a transition is called an indirect optical transition, and the 
energy corresponding to the transition (p .) is the indirect band gap of the material. Figure
2.1 illustrates direct and indirect intrinsic optical absoiption.
2.1.2 Extrinsic Optical Absorption
Absorption involving imperfections in semiconductors is called extrinsic optical 
absorption. The absoiption coefficient is proportional to the density of absoiption centres. 
A  multi-step absorption can occur due to the energy levels introduced by impurities into the 
forbidden gap.
2.2 Recombination Processes
Recombination refers to loss of mobile electrons or holes by any number of 
removal mechanisms. Several different mechanisms are important for photovoltaics. The 
most important processes are radiative recombination which is also known as spontaneous 
emission, Auger recombination and recombination through defect states.
9
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2 .2 .1  R a d ia t iv e  R e c o m b in a t io n
The reverse of the fundamental absorption is explained as radiative recombination. 
An electron occupying a higher energy state than it would under thermal equilibrium makes 
a transition to an empty lower energy state with the excess energy emitted as light. 
Radiative recombination occurs more rapidly in direct band gap semiconductors, than in 
indirect band gap semiconductors.
2 .2 .2  A u g e r  R e c o m b in a t io n
In this process, an electron recombines with a hole giving its excess energy to a 
secondary electron, instead of emitting light. The second electron then relaxes back to its 
original energy by emitting phonons, which results in excess energy being lost as heat. 
Auger recombination can also occur via trap states as well. An electron colliding with an 
occupied trap state can stimulate recombination of the second electron with a hole, attaining 
the excess energy of the second electron, and vice versa for holes. Auger recombination 
conserves momentum as well as energy, and can occur in indirect band gap materials, 
unlike radiative recombination which is suppressed. Therefore, Auger recombination is the 
dominant loss mechanism in indirect band gap materials like crystalline silicon.
2 .2 .3  R e c o m b in a t io n  D u e  to  D e fe c ts  a n d  S u r fa c e  S ta te s
The defect levels introduced by impurities and other forms of defects in the 
forbidden gap can act as either trap states or recombination centres. Since the defect states 
are localised, they can ‘trap’ a delocalised carrier, and subsequently release, also known as 
‘de-trap’ upon thermal excitation. If the trap captures an opposite polarity carrier as well, 
the two carriers will recombine, and the defect state is known as a ‘recombination centre’. 
This type of recombination is also known as ‘Shockley-Read-Hall’ type recombination.
In semiconductors, defects occur in higher densities at surfaces and at different 
crystal regions such as grain boundaries. Localised states at surfaces include defects due to 
broken bonds as well as extrinsic impurities. These defect states are concentrated in a two- 
dimensional space, which results in a recombination flux very important to photovoltaic 
devices.
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2.3 Types of Photovoltaic Devices
Four principle types of semiconducting devices have been used to collect photo­
excited carriers for generation of electrical energy: homojunctions, heterojunctions, 
heteroface junctions and Schottky barriers. A fifth type called p-i-n structures are used for 
materials with very low diffusion lengths of carriers. All these types have evolved from the 
simple p-n junction, where minority carriers generated upon photo-excitation diffuse to the 
junction if their point of generation is not much further than a diffusion length from the 
junction interface. If they reach the junction, then they are collected by the electric field and 
one net electronic charge is collected per photon absorbed.
2 .3 .1  H o m o ju n c t io n s
Homojunctions are formed using the same material for both p-type &  n-type parts 
of the p-n junction. If the carrier densities of both sides are the same, the internal electric 
field will be symmetric. This is the most commonly found photovoltaic device structure. 
Figure 2.2 shows a representative band diagram of a homojunction.
Figure 2.2: Energy band diagram for a p-n homojunction showing vacuum level ( Evac), 
valence and conduction band edges ( EV,EC), Fermi level ( EF), electron affinity ( x s)> 
band gap (EG) and the diffusion potential ( <j)D).
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2.3.2 Heterojunctions
Heterojunctions are formed when different semiconductors are used for the p and n 
sides of the device. The energy band structure for a heterojunction depends on material 
selection, due to its dependence on electron affinities and band gaps. An idealised energy 
band diagram is shown in figure 2.3, neglecting effects due to interface states. Material 
parameters are assumed so that no energy spikes, which seriously impede carrier flow, are 
present.
2.3.3 Heteroface Junctions
Heteroface junctions are essentially ‘buried’ p-n homojunctions with a heavily 
doped p+-p heterojunction on the illuminated surface. This p+-p-n junction has the 
advantages of a p-n junction along with additional benefits at the front surface, which are 
capable of decreasing surface losses. Figure 2.4 shows a representative band structure of a 
hetero face junction.
Figure 2.3: Energy band diagram for a p-n heterojunction showing vacuum level (Evac), 
valence and conduction band edges (E V,E C), Fermi level ( EF), electron affinities 
( X\ -> Xi)> band gaps ( EGl, EG2) and the diffusion potential ( (f)D).
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Figure 2.4: Energy band diagram for a p-n heteroface junction showing vacuum level 
(E vac), valence and conduction band edges (E V,E C), Fermi level ( EF), electron affinities
( X\ > Xi)> band gaps (EGX,E G2) and the diffusion potentials ( <f)DX2,(f)D22).
Figure 2.5: Energy band diagram for a Schottlcy barrier showing vacuum level ( Evac), 
valence and conduction band edges ( EV,EC), Fermi level ( E F), electron affinity and band 
gap o f the semiconductor (%s,E G), and the work functions o f metal and semiconductor 
( fimAs) and the diffusion potential ( (fiD).
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Figure 2.6: Energy band diagram for a p-i-n device.
2.3.4 Schottky Barriers
The simplest photovoltaic device is the Schottky barrier formed by a combination 
of a suitable metal and a semiconductor. The diffusion potential equals to the difference in 
work functions of the metal and the semiconductor under ideal conditions. However, in 
practice many aspects govern this barrier height. Interface states and the presence of a 
dielectric layer at the surface are the most significant factors. Figure 2.5 shows the typical 
band structure for a Schottky barrier.
2.3.5 p-i-n Junctions
When materials with very low diffusion lengths of carriers are involved, the 
standard p-n junction approach for collection becomes problematic. The photo-generated 
carriers recombine before they can travel to the junction to be extracted. However, carriers 
generated within the depletion region are assumed to be totally collected. Therefore, for 
such materials, the material selection is done in such a manner that, the built-in potential 
drops across almost the entire device thickness. In these devices, the p and n layers are 
generally heavily doped, and very thin. Figure 2.6 shows the energy band structure for a p- 
i-n type device.
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Figure 2.7: Simple equivalent circuit for a photovoltaic cell.
2.4 Photovoltaic Models
An equivalent circuit for a photovoltaic device is shown in figure 2.7. I L arid ID 
are the photo current and the diode current respectively. If the series and parallel resistances 
(Rs,Rp) are assumed to be Rs « 0 and Rp « oo and if the junction transport properties are
independent of illumination, under an applied voltage of V the total current /  is given by 
equation 2 .2 .
Here, I0 is the reverse saturation current of the diode and n is the ideality factor. V is the
voltage across the cell. Figure 2.8 shows the idealised dark and light current vs. voltage 
curves for the photovoltaic cell. When I  = 0, the open circuit voltage, Voc of the device can
be deduced from equation 2.2, and is given by equation 2.3.
Since the short circuit current, Isc, equals to - I L when the voltage is zero, Isc can be 
determined using equations 2.2 and 2.3. Equation 2.4 shows this result.
(2.2)
(2.3)
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Figure 2.8: Idealised dark and light current-voltage curves for the photovoltaic cell.
exp jVoc
nkT
(2.4)
As shown in figure 2.8, Vmp and Imp are voltage and current coii'esponding to maximum 
power output of the device. The ‘Fill Factor’ (FF) which is the third parameter defined for 
solar cells is thus given by equation 2.5.
V Ippr _ ixp mp
V Ioc SC
(2.5)
Hence, the energy conversion efficiency tj, which is the ratio of input and output power, is 
given by equation 2.6, where Pin is the power of solar irradiation.
r/
V I  FFr oc sc (2 .6 )
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2.4.1 Detailed M o d e l
For a more realistic photovoltaic model, three major effects have to be taken into 
account. They are; effect of non-zero Rs and non-infinite r , voltage dependent collection
effects which results in lower photo-generated currents than IL and the possibility of 
change of p a r a m e t e r s ,Rp and n between dark and light conditions. Equation 2.2 can
be re-written accommodating these aspects, however, as two equations for dark and light 
conditions. These are given in equation 2.7 and 2.8 where superscripts d  and I are used to 
denote parameters at dark and light conditions, respectively. (Bube, 1992)
i d = r * Uo e x p k [ v - P R i i + j r - n (2.7)
Where y c 1  j d qand a  =
r  n d  ^
l + A
K ;
n kT
/ '  = y> j / ;  exp[«' (v -  I 'R [ )]+ - E  _ / '  _ H (V )I l  j (2.8)
1Where y l -  — :— r- and a 1 =
1 H j
v
n'kT
In equation 2.8, IT(V) is a voltage-dependent collection function describing the fraction of 
photo-generated carriers that actually contributes to the photo-generated current. With the 
more realistic model Voc and Isc is deduced to be as given by equations 2.9 and 2.10. (Bube,
1992)
( — )  
Ka l J
ln h {voc)r F
I 1
+1 (2.9)
I sc = / k e x p ( - « 7 sX ) - 4  -  ] (2.10)
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Figure 2.9: Effects o f series (Rs) and shunt (Rp) resistances on the output 
characteristics o f solar cells (Fourth quadrant representation).
2.5 S u m m a r y
Basics of optical absorption and recombination of excited carriers were introduced. 
Basic photovoltaic devices were identified along with basic photovoltaic models. The 
essential relationships of device parameters were presented.
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3  T h i n  F i l m  S i l i c o n  a n d  E x c i m e r  L a s e r  
C r y s t a l l i s a t i o n  o f  a - S i : H
3.1 I n t r o d u c t i o n
Different types of silicon thin films have been investigated over the years for 
photovoltaic applications. These types vary in the volume of crystallanity, electronic 
properties, as well as stability under solar radiation. The terminology used to identify 
different types of films has not been universal. However, a reasonable terminology is given 
by Bube (1998). Table 3.1 shows the classifications.
The term ‘polycrystalline’ has been widely used to identify films with grain sizes of 
the order of a few hundred nanometres. Different terminologies have been utilised to 
identify films with nanometre scale grain sizes. The term ‘protocrystalline’ has been used 
for the films having grain sizes in the transition region from amoiphous to crystalline 
phases. (Ito et al., 2001) ‘Nanocrystalline’ is another name used for grain sizes in the order 
of a few tens of nanometres, but the most widely used name has been ‘microcrystalline’. 
For the purpose of discussions in this thesis, the terminology presented in table 3.1 will be 
adhered to with the addition of nanocrystalline silicon (nc-Si:FI) for films with grain sizes 
less than 1 0 0  nm.
Multicrystalline silicon, also known as monocrystalline silicon, has large grains in 
excess of a millimetre, and is produced using adaptations of thin film technologies. 
Epitaxial growth has been used to produce monocrystalline films and transfer processes 
have been used successfully at laboratory level for fabrication of devices with moderate 
efficiencies. (Bergmann & Rinke, 2000, Bergmann et al., 2001) Monocrystalline and single 
crystal silicon are treated as bulk crystalline technologies, for the purpose of this 
discussion.
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Type of Silicon Description Grain Size
Amorphous No single crystal regions and no long range 
order. Medium and short range order exists with 
relaxation of the momentum conservation rules.
Microcrystalline
(/zc-Si:H)
Single crystal regions in grain can still be 
identified, but with random orientation.
< 1 /un
Polycrystalline
(poly-Si)
Many grains are present. 1 fxm-l mm
Multicrystalline
(mc-Si)
Number of different grains but the grain size is 
relatively large.
1 mm- 1 0  cm
Single Crystal Just one grain. > 1 0  cm
Table 3.1: Categorisation o f silicon films.
The chapter briefly reviews amorphous, microcrystalline and polycrystalline 
technologies, before a comprehensive review on excimer laser crystallisation of a-Si:H in 
the context of photovoltaics. Growth and properties of a-Si:H will be discussed in detail 
compared with other thin film silicon types, since a-Si:H is the initial material used for the 
project. The discussion on a-Si:H characteristics is based on Street (1991), Bube (1998), 
Fuhs, (1992), Redfield and Bube (1996) and Sivaram (1995).
3.2 G r o w t h  a n d  Characteristics of a - S i : H
3.2.1 G r o w t h
The standard method of growth of a-Si:H is by plasma decomposition of Silane 
(SiH4) gas, with other gases added for dilution, doping and alloying. a-Si:H was first 
produced in late 1960s by Chittick et al. (1969) using this technique. Different methods 
have since been investigated, with the principle broadly remaining unchanged. DC glow 
discharge, chemical vapour deposition (CVD) and sputtering have also been attempted. 
Quite a number of variations of CVD have been utilised for the deposition of a-Si:H. These 
include radio frequency plasma enhanced CVD (RF-PECVD), homogeneous CVD, very
2 0
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high frequency CVD and hot wire CVD. The most preferred technique for the deposition is 
PECVD.
Although Silane decomposes at higher temperatures in vacuum even without 
plasma, the temperatures are too high to retain hydrogen, which results in lower quality 
films. For lower temperature growth, a plasma is used to dissociate the gas, with an energy 
source. A ‘plasma’ is a quasi-neutral gas of charged and neutral particles which exhibit 
collective behaviour. It is called ‘quasi-neutral’ since the local densities of ions and 
electrons can deviate from the generally neutral nature of the plasma.
The reactor has a gas inlet, a deposition chamber, a pumping system and a power 
source for discharge. For a-Si:H deposition, RF is preferred since RF has significant 
advantages over a DC discharge. The quality of deposited a-Si:H depends on the process 
variables. Table 3.2 summarises the most important parameters and their effects on films.
Apart from the main parameters, there are several other conditions which affect the 
growth. Effects of Silane dilution are significant. Usually Silane is diluted with an inert gas 
or hydrogen. It has been observed that dilution with inert gases result in columnar growth 
of a-Si:H. However, the dilution with hydrogen shows a completely different behaviour. A 
high concentration of hydrogen causes the film to become crystalline rather than 
amorphous. It has been observed that the crystallite size is in the range of 10 nm. It has also 
been concluded that this effect depends on the RF power.
Parameter Effect
Gas pressure Determines the mean free path for collisions of the gas molecules. 
Influences whether the reactions take place at the growing surface 
or in the gas.
Gas flow rate Governs the resident time of the gas species in the reactor.
RF power Governs the rate of dissociation of gas and in turn the growth 
rate. Also controls the ‘self-bias’ which is important for 
adsorption of hydrogen.
Substrate
temperature
Controls the chemical reactions on the growing surface.
Table 3.2: Process parameters and their influence on the growth process fo r  PECVD.
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Figure 3.1: Density o f states o f an amorphous semiconductor.
3.2.2 Structural Characteristics
a-Si:H is a disordered semiconductor with short-range order and long-range 
disorder in its atomic structure. Semiconductors with these arrangements are known as 
continuous random networks. The specific structural feature of a random network is the co­
ordination number, i.e. the number of bonded nearest neighbours. In the disordered 
network, an atom can have too many or too few bonds. This is known to be a fundamental 
defect in amorphous semiconductors, such as a-Si:H. Thus, the short-range order of the 
ideal network, the long-range disorder and the co-ordination defects govern the properties 
of a-Si:H.
The short-range order results in a similar electronic structure compared to its 
crystalline counterpart. However, the amorphous material has a different band structure 
compared to crystalline silicon. The abrupt band edge which is characteristic of crystalline 
silicon is modified in the amorphous material. A tail replaces the edges, which is the result 
of non-ideal bond lengths and bond angles of the tetrahedral covalent bonds of the silicon 
atoms. The co-ordination defects introduce states deep within the gap modifying the 
complete picture. The typical schematic of the density of states in a-Si:H is given in figure
3.1. The extended and localised states are separated by a mobility edge at energy Ec. The 
term mobility edge is derived because, at zero Kelvin, only electrons above Ec are mobile
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and contribute to conduction. Mobility edges are defined for both electrons (Ec) and holes 
(Ev). The gap between the two mobility edges is known as the ‘mobility gap’, which is 
comparable to the forbidden gap of a crystalline semiconductor. For a-Si:H this absoiption 
gap is higher than the one for crystalline silicon, which is reported to be ~ 1.75 eV. It has a 
larger optical absorption coefficient compared to crystalline silicon.
3.2.3 T h e  Coordination Defect a n d  Metastability
The departure from tetrahedral co-ordination is the native defect in amorphous 
silicon. It is found that most films of amorphous silicon contain 1019 cm'3 of such co­
ordination defects. The similarity of these defects to those of clean (111) oriented surfaces 
of crystalline silicon has identified them as non-terminated silicon bonds. These are known 
as ‘dangling bonds’ which are unsaturated bonds or broken silicon bonds. These defects 
with their carrier recombination properties and pinning of the Fermi energy make the 
material useless for electronic applications. However, the incorporation of hydrogen greatly 
reduces the defect density and makes the material useful. Although the incorporation of 
hydrogen reduces the density of states to a value around 1 0 16 cm'3, other external 
parameters including thermal effects can increase the defect density of the material. The 
first and most widely studied metastable defect was the defects created by long exposure to 
light, commonly known as light soaking. Staebler and Wronski (1977) first reported the 
effect, which is now known as the Staebler-Wronski effect. They observed a decrease in
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Figure 3.2: Configuration co-ordinate diagram.
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Figure 3.3: Energy band diagram for metastable defect creation.
photoconductivity during illumination and a drop in dark conductivity after illumination. 
This phenomenon was attributed to defect creation.
Different models have been utilised to explain the metastability. One of the widely 
accepted models is the configuration shown in figure 3.2, which shows the simplified 
configuration co-ordinate diagram, which is used to explain the dangling bond defect in a- 
Si:H. Acquisition of the energy £/ shown in the diagram, from any external excitation 
would result in creating the metastable defect state. The depth of metastable energy well, E2 
is the annealing activation energy required to reverse the defect to its ground state. The 
difference between these two energies, AE is known as the defect formation energy, which 
determines the equilibrium defect density. In the context of the Staebler-Wronski effect, it 
was explained that defects are created during the recombination process of photo-excited 
carriers rather than optical absorption. The recombination of excited carriers is believed to 
be releasing adequate energy, corresponding to Et, which break weak bonds in the structure 
creating metastable states. The phenomenon is illustrated in figure 3.3. This conclusion was 
supported by the fact that similar defect creation was observed in a-Si:H by charge 
injection, without illumination.
A small fraction of total recombination affects the defect creation process. A large 
number of carrier recombination occurs through defect states. As the defect density 
increases with the creation of new states, the additional recombination through the new 
states reduce the concentration of band edge carriers, making the process self limiting.
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Staebler and Wronski (1977) further stated that these defects could be reversed by 
annealing ~ 150 °C  for a few hours. However, the hydrogen in a-Si:H is known to be 
removed completely if annealing temperatures are too high typically above about 400 °C, 
degrading the material properties in such a way that it cannot be reversed unless hydrogen 
is re-introduced. At intermediate temperatures, the annealing kinetics are reported to fit a 
stretched exponential.
3.3 S o l a r  Cells B a s e d  o n  M ic rocrystalline Silicon
The history of microcrystalline silicon dates back to 1968 when Veprek and 
Marecek (1968) reported the plasma deposition of hydrogenated microcrystalline silicon 
(/xc-Si:H). After doping of [Xc-Si:H was made possible by the Sony corporation research 
centre using Phosphine, (Usui & Kikuchi, 1979) fxc-Si:H became a very attractive material 
for electronic applications. Typical grain sizes of /ic-Si:H range from 3 nm to 30 nm, 
embedded in an a-Si:H matrix. The crystallanity varies from 70% to 90%. Films with 90% 
crystallanity are regarded as the true microcrystalline material with crystallites surrounded 
by a very thin grain boundary. The electronic properties of the material are believed to be 
governed by the microcrystalline phase. (Willeke, 1992) pc-Si:H is a defect rich material 
with defect densities in the order of 1017-10 18 cm'3. However, this material does not show 
the light degradation effects of its amorphous counterpart. (Meier et al., 1994)
fxc-Sr.R attracted attention as a low cost material for solar cells due to its high 
conductivity and high transparency. (Shah et al., 2000) It has a near identical band gap as 
crystalline silicon, which is an indirect band gap. The optical absorption is comparatively 
less than in a-Si:H and therefore thicker films are required for light absorption in solar cells. 
Even with efficient light trapping, at least a few micrometres thick films are required, (xc- 
Si:H is fabricated conventionally by CVD. Several variations of CVD has been successfully 
utilised for this purpose. PECVD, very high frequency PECVD and hot wire CVD are the 
most popular variations.
Initial deposition of jUc-Si:H was done using standard 13.56 MHz. PECVD. The 
process is a well established technology in the industry, and is an attractive one for large 
scale commercial production. After Guo et al. (1998) reported high quality fxc-Si:H by 
PECVD, higher deposition rates have been reported with higher deposition pressures. 
(Rech et al., 2001) Solar cells with 8 %  efficiency have been reported using jxc-Sr.R. (Rech 
et al., 2 0 0 2 )
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Very high frequency (30-300 MHz) PECVD has been known to be a better 
technology for the growth of /xc-Si:H than the conventional PECVD. The technique is 
reported to result in higher deposition rates and larger grain sizes compared with 13.56 
MHz PECVD. (Meier et al., 1994) The first reported study dates back to 1987 when Curtins 
et al. (1987) reported the effects of the excitation frequency on PECVD grown a-Si:H. 
Extensive research has been done on the material afterwards. jwc-Si:H grown this way has 
been used as an absorber layer for p-i-n devices extensively. The material quality depends 
on the process parameters and only certain forms of microcrystalline silicon are suitable for 
this purpose. A maximum cell efficiency of 8.1% has been reported for these types of cells. 
(Vetterl et al., 2001) Use of pc-Si:H as an infra-red (IR) absorption layer in multilayer cells 
has also attracted a lot of interest. An initial efficiency of 12%  has been reported for a- 
Si:H/ju.c-Si:H solar cells at laboratory level. (Vetterl et al., 2001) The concept called 
‘micromorph’ tandem cell was developed by a group at the university of Neuchatel, 
Switzerland, which makes use of jttc-Si:H as the low band gap absorber layer. (Meier et al., 
1998, 2001) Their recent work reports the fabrication of a mini module with 9% efficiency. 
(Shah et al, 2002)
Hot-wire CVD is the other attractive method used for /rc-Si :H deposition. Also 
known as catalytic CVD, the process produces device quality thin films at low substrate 
temperatures without a plasma. The technology dates back to 1979 when it was first 
introduced as thermal CVD, and has been used to deposit different types of silicon thin 
films from amorphous to polycrystalline. The process is well known for its high growth 
rate. (Konagai et al., 2001) The films have been used in conjunction with other materials 
for photovoltaic applications. Tandem cells have been reported with hot wire CVD grown 
layers. The efficiencies of these jxc-Si:H cells have been comparatively low, with maximum 
reported being 2%. (Klein et al., 2001) Considerable emphasis has been put on deposition 
and characterisation of fxc-Si:H films for solar cells by this method, but requires drastic 
improvements to be competitive for photovoltaic applications. (Bruhne, 2001)
3.4 P o l y  crystalline T h i n  F i l m  S o l a r  Cells
Materials with a wide range of grain sizes fall into this category, with grain sizes 
ranging from a few hundred nanometres to a few micrometres. The conventional fabrication 
mechanism has been crystallisation of a-Si:H using various techniques. Three major 
techniques have been utilised for crystallisation, based on the process temperatures.
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(Bergmann et al., 1998) The high temperature process is called ‘zone melting 
crystallisation’ whereas the medium temperature technique is known to be ‘solid phase 
crystallisation’. The third stream is laser crystallisation, which is effectively a low 
temperature regime, which can utilise cheaper, lower melting point substrates. (Bergmann,
1999)
3.4.1 Z o n e  M elting Crystallisation
This technology was developed in the 1960s to prepare good quality silicon thin 
films for integrated circuit applications. In this technique, a narrow zone of the film is 
melted and is made to move along the entire film. Different types of energy sources have 
been utilised for melting of the film. These include laser beams, incoherent light sources, 
strip heaters, electron beams and radio frequency heaters. Grain sizes in the millimetre 
range have been realised, sometimes with lengths of a few centimetres. (Shi & Green, 
1998) However, the main disadvantage of this process is the requirement of high 
temperature resistant substrates such as graphite or ceramics. The process temperatures do 
not allow the use of preferred cheap substrates such as glass. (Pauli et al., 1993) Solar cells 
from zone melting crystallisation have resulted in comparatively higher efficiencies. 16%  
efficient sub modules have so far been reported. (Morikawa et al., 1998) Epitaxial growth 
on polycrystalline silicon obtained from zone melting crystallisation has also resulted in 
highly efficient solar cells. (Bergmann & Rinlce, 2000)
3.4.2 Solid P h a s e  Crystallisation
a-Si:H remains in solid phase during this crystallisation process and hence the 
name. Films are thermally annealed for long durations of time and the process temperature 
is around 600 °C. This enables the use of cheap substrates such as glass. Furnace annealing 
and rapid thermal annealing are the two major techniques used for solid phase 
crystallisation.
Furnace annealing is a very slow crystallisation process with crystallisation times 
ranging from a few hours to a few days. (Plais et al., 1995, Bergmann & Krinlte, 1997) The 
method yields large-grained polycrystalline silicon but with a heavily defected grain 
structures. (Friligkos, 1997) Slow process and energy consumption issues have made the 
technology less attractive for photovoltaic applications. However, new research has reduced 
the disadvantageous effects of solid phase crystallisation. Metal induced solid phase
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crystallisation is known to dramatically reduce the thermal budget of crystallisation, as well 
as resulting in uniform grain structures. (Wang & Awadelkarim, 1998) Aluminium induced 
crystallisation has resulted in lower annealing temperatures around 500 °C  and also in 
reduced annealing times. The method promises grain sizes exceeding the layer thickness by 
several multiples. (Nast et al., 2001)
Rapid thermal annealing uses high temperature heating of the films for short 
durations. Lamps are used to quickly bring the temperature up and the process is capable of 
handling low strain point substrates such as glass, which are highly desirable for 
photovoltaic applications due to their low cost. The short duration of the pulse makes the 
thermal energy reaching the substrate insufficient to cause damage to the substrate. 
However, grain sizes attained by this method have been small compared to other 
crystallisation regimes. (Kuo & Kozlowski, 1996)
Cell efficiencies close to 10% have been reported using solid phase crystallised 
silicon. (Bergmann et al., 1998)
3.4.3 L a s e r  Crystallisation
Lasers were utilised in material processing for electronic applications soon after 
their invention. The application of lasers for crystallisation of a-Si:H was mainly triggered 
by the high absorption coefficient of the a-Si:H at respective wavelengths of the lasers. Due 
to the high absorption coefficient, the material absorbs the laser energy veiy quickly, within 
a very short distance into the material from the laser irradiated surface. This prevents the 
thermal energy from harming the substrate, enabling the use of inexpensive substrates. 
Different types of lasers have been investigated for crystallisation processes. Table 3.3 
gives different types of lasers used for laser annealing and their characteristics. (Wilson & 
Hawkes, 1987)
Argon ion lasers have been used to create seed layers for different large grain 
formation schemes. (Toet et al., 1996, Andra et al., 2000) The process is capable of forming 
large-grained seed layers with crystal grains of several micrometres in width and several 
tens of micrometres in length. However, the laser is reported to be modified to operate as a 
pulsed laser using an acousto-optic modulator. (Andra et al., 1999) It has been explained 
that the argon ion laser irradiation first results in a fine-grained structure, which occurs after 
immediate melting and solidification. With the laser irradiations to follow, achieved 
through scanning, the fine-grained silicon melts and solidifies again, resulting in large
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grains. (Andra et al., 1998) It has been suggested that epitaxial growth can be used on these 
seed layers to obtain thick polycrystalline silicon. In order to have large-grained epitaxial 
growth, laser annealing has been further applied during the growth process. (Andra et al., 
1998) The low efficiency of the argon ion laser is a drawback of this method, apart from the 
complicated production regime.
Neodymium doped yttrium aluminium garnet (Nd:YAG) lasers have also been 
investigated for a-Si:H crystallisation applications. Although the characteristic wavelength 
of Nd:YAG lasers is 1064 nm, the frequency can be doubled to give a 532 nm laser as well. 
These lasers have been utilised in pulsed mode for crystallisation applications of a-Si:H. 
(Wohllebe et al., 1998)
Laser Type Typical Wavelength 
(nm)
Nature of 
Waveform
Argon ion Gas/Ion laser 514 Continuous
Nd:YAG Doped Insulator Laser 532/1064 Pulsed/Continuous
Nd:YV04 Doped Insulator Laser 532 Pulsed/Continuous
Excimer Gas/Molecular Laser 193/222/248/
308/350
Pulsed
Copper
Vapour
Gas/Atomic Laser 578/510 Pulsed
Table 3.3: Different types o f lasers used for laser crystallisation.
The process yields smaller sized grains compared to argon ion laser crystallisation. 
The grains are in the range of 1 pm with multiple pulse irradiations. The 1064 nm 
wavelength laser has been used to crystallise thicker samples due to the lower absorption 
coefficient of a-Si:H in this range. Due to the lower absorption coefficient, the laser beam 
takes a longer time to be absorbed, enabling deeper penetration of the laser. However, the 
longer wavelength laser results in increased surface roughness on the irradiated film. 
(Carius et al., 1998) Similar results have been reported using neodymium doped yttrium 
orthovanadate crystal (Nd-YV04) lasers as well. (Dassow et al., 1999, Nerding et al., 2001)
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Copper vapour lasers have also been investigated as a possible source for annealing 
of a-Si:H, but not extensively. The reported instances state the similarity between copper 
vapour laser irradiated silicon and excimer laser irradiated silicon. (Andra et al., 1999)
A detailed review of excimer laser crystallisation of a-Si:H, which is the technique 
investigated in this project, follows.
3.5 E x c i m e r  L a s e r  Crystallisation
The use of inert gas excimer lasers has become one of the most appropriate 
methods for crystallisation applications of a-Si:H. The method has become popular 
specifically on a-Si:H due to some salient features of excimer lasers. The main reason has 
been the operating wavelength of these lasers, that highly couples to a-Si:H. Excimer lasers 
operate in UV with a small pulse duration, which promotes the inter-band transition of a- 
Si:H. Due to the high absoiption coefficient of a-Si:H in UV, almost all the pulse energy 
from the excimer laser is absorbed by a-Si:H within a few nanometres from the surface. 
This raises the temperature of a-Si:H above the melting point without harming the 
underlying substrate, enabling the use of cheap substrate materials. (Sameshima et al., 
1989, Kuriyama et al., 1993) Excimer laser crystallisation has been reported to be 
successful even on plastic substrates with proper capping layers. (Smith et al., 1997) This 
highly localised crystallisation procedure is reported to be capable of forming a wide range 
of grain sizes, from nanometres to micrometres, depending on the different regimes used.
Technological development in excimer laser manufacturing has enabled the 
availability of units with high repetition rates, large beam diameters, improved beam 
homogeneity, and beams with higher laser energies. These characteristics have made 
excimer lasers even more attractive for applications in the large area electronics industry. 
(Ready et al., 1989) Modem excimer lasers are capable of producing very large area beams 
in excess of 200 cm2, which are mainly used for single shot excimer laser annealing. (Boher 
et al., 1996, Helen et al., 1999, Bachrouri et al., 2001) The early research on excimer laser 
crystallisation of a-Si:H focused on thin film transistor related work. (Sameshima, 1986) 
The higher mobilities of crystalline silicon compared to a-Si:H attracted a lot of attention, 
which is a key parameter for thin film transistors. Excimer laser crystallisation has been 
studied for a considerable period of time and many important aspects have been well 
established since.
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The early work on excimer laser crystallisation has been focused on identifying 
basic transformation scenarios of a-Si:H to crystalline silicon. Two major streams of 
excimer laser crystallisation have been investigated based on the number of laser pulses: 
multiple pulse based and single pulse based. (Bachrach et al., 1990, lm & Sposili, 1996) 
The multiple pulse based scanning method is considered to be the conventional approach. 
With the advent of high power excimer lasers, single pulse schemes have become an 
attractive alternative, treating the entire area of interest with a single pulse. (Mariucci et al., 
2003) However, most of the available literature deals with the conventional approach.
3.5.1 Ear ly  R e s e a r c h
A laser threshold energy density exists for the conversion of a-Si:H to 
polycrystalline silicon, corresponding to the threshold intensity for surface melting. 
(Brotherton et al., 1997) Films start to melt after this energy density, with the melt depth 
increasing with increase of energy density. The effect on the solidification velocity of the 
laser-induced melt on grain size was one of the earliest discoveries. In their initial work, 
Kuriyama et al. (1991, 1992) suggested substrate heating-as a mechanism to control the 
solidification velocity. In addition to improved grain sizes, they stated that improved film 
homogeneity can also be realised using this technique. Shimizu et al. (1993) reported the 
use of two excimer laser beams from both sides of the structure to control the solidification 
velocity. Modification of this dual beam strategy has reported veiy large grain sizes in the 
order of 10 fim using very thin films. (Ishihara & Matsumura, 1995, 1997, Ishihara & 
Burtsev, 1998) However, the use of higher temperature withstanding substrates was a 
serious drawback of this technique. Although very large grain sizes were reported 
concurrently, these films were very thin since the technology was being groomed for thin 
film transistor applications. (Kuriyama et al., 1993)
Electrical current induced joule heating of silicon films has also been suggested in 
the latter reports on melt duration, which enables prolonged melt durations resulting in 
larger grain sizes. (Ishigame et al., 2001)
Furnace annealing followed by substrate-heated excimer laser crystallisation was 
investigated by Carluccio et al. (1995, 1997) and have shown that large grain sizes can be 
as large as 800 nm but with fewer in-grain defects compared to furnace annealing.
The other main parameter investigated was the laser energy density incident on the 
irradiating surface. (Boyce et al., 1994) It was concluded that the grain size increases with
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the incident laser energy density, up to a maximum value about 100 times the film 
thickness. Further, it was stated that the grain size starts to decrease with the increase of 
laser energy density after this point. This phenomenon was later investigated extensively 
and explained using different phase transformation scenarios.
Most of the early work has been based on thin film transistor applications, therefore 
on comparatively thinner films (~ 100 nm). For photovoltaic applications, thicker films are 
required due to the lower optical absorption of crystalline silicon. The phase transformation 
scenarios are universal however, and will be reviewed in detail.
3.5.2 P h a s e  T r a n s f o r m a t i o n  Scenarios
Three basic transformation scenarios were identified by Im and Sposili, (1996) 
based on the melt depth of the film undergoing crystallisation. Lower energy densities used 
for crystallisation are only capable of melting part of the film, and was termed as the 
‘partial melting’ regime. Higher energy crystallisation which results in complete melting 
and resolidification was termed as the ‘complete melting’ regime. An energy density 
between these two extremes which is just enough to melt almost the whole layer, leaving a 
few seeds of solid silicon was identified as the third regime. Films crystallised at this 
critical energy is called the ‘near complete melting’ regime.
3.5.2.1 Partial M e l t i n g  R e g i m e
The incident energy density of the laser pulse is sufficient to melt the surface of the 
a-Si:H in this case but low enough to leave a continuous layer of solid silicon. Early work 
utilised transmission electron microscopy (TEM) to identify the different layers after 
crystallisation. Sera et al. (1989) analysed the transformation, and concluded that the two 
distinct layers observed after crystallisation in this regime has different crystallisation 
mechanisms. The upper layer was believed to be governed by the melt regrowth process, 
whereas the lower layer crystallised in solid phase. Later, normal incident spectral 
reflectivity, which is a non-destructive method, was used to analyse the regime. (Williams 
et ah, 1996) These results confirm the earlier TEM based results on the stratified 
morphology of silicon from the partial melting regime. The top layer is formed by 
crystallisation from a receding melt front, propagating from within the layer, towards the 
surface of the silicon. It has been observed that this layer is just one crystallite thick. Since
32
Thin Film Silicon and Excimer Laser Crystallisation o f  a-Si:H
this crystallite depth can be several tens of nanometres, it has been termed as large-grained 
polycrystalline silicon.
It is believed that the underlying fine-grained polycrystalline material occurs due to 
a phenomenon called explosive crystallisation. (Thompson et al., 1984) The latent heat 
released during large-grained nanocrystalline silicon formation is believed to be melting the 
underlying a-Si:H, resulting in a thin supercooled melt, which forms fine-grained 
polycrystalline silicon upon solidification. The melt is called ‘supercooled’ since the 
temperature of the melt is lower than the melting temperature of crystalline silicon. (Hatano 
et al., 2000) Another possibility is the supply of inadequate energy for melting to occur in 
the underlying layer, during large grained nanocrystalline formation. In this situation, solid 
phase crystallisation can take place within the layer.
Time resolved reflectivity analysis has shown that there could be a third layer of 
unconverted amorphous silicon, depending on the laser energy density. If there were to 
exist such a layer, whether the crystallisation process affects the amorphous layer has not 
yet been confirmed. (Sands et al., 1997) Most of these investigations have been conducted 
on thin films about 100 nm thick. A limited amount of work is found on comparatively 
thicker samples in the range of 0.5-1 pm. (Ulrych et al., 1996)
3.5.2.2 C o m p l e t e  M e l t i n g  R e g i m e
The incident laser energy is sufficiently high in this case for the complete melting 
of a-Si:H film. This laser energy density depends upon several parameters. (Im et al., 1998) 
Out of these, film thickness, pulse duration, substrate conductivity and substrate 
temperature are significant. The presence of micro-crystals in the initial a-Si:H also affects 
the optical absorption and hence the melt depth.
Substantial supercooling occurs after the laser irradiation. Since the temperature of 
the supercooled melt is lower than equilibrium melting point, and nucleation is triggered. 
At solidification, latent heat is released, raising the temperature of the film. The growth of 
the solid continues as the heat is conducted into the substrate. The deeply supercooled melt 
increases the nucleation rate causing a spontaneous nucleation process. The resulting film 
has a fine-grained crystalline structure. (Im et al., 1998, Hatano et al., 2000)
However, in very thin films, this complete melting of the film has resulted in a 
retrograde change to amoiphous silicon. (Sameshima & Usui, 1991) It has been explained 
that lower temperature gradients in the solidifying melt due to thinner samples result in 
homogeneous solidification, causing amorphous silicon formation. (Sameshima & Usui,
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1993) These films have been very thin in the order of a few tens of nanometres, therefore 
with very little importance for solar cell applications. (Sameshima, 1997)
3.5.2.3 N e a r  C o m p l e t e  M e l t i n g  R e g i m e
Between the two major regimes, there exists another regime with veiy important 
characteristics. This regime is capable of yielding very large grain sizes, in some cases 
many times greater than the film thickness. (Im et al., 1993) It was argued that, at the 
maximum point of melting, the non-molten portion of the underlying silicon consists of 
islands of solids instead of a continuous layer. These solid islands separated by small local 
regions of completely melted silicon act as seeds for lateral growth. (Im et al., 1998) This 
behaviour at the critical point of complete melting has given the regime its name; ‘near 
complete melting regime’. The.lateral growth results in very large grain sizes, a few times 
that of the film thickness.
Im et al. (1993) first identified the process, and they named the process as the 
‘super lateral growth’ (SLG). The phenomenon has been observed in both single pulse (Im 
& Kim, 1994) and multiple pulse irradiation regimes. (Johnson et al., 1993, Brotherton et 
al., 1997) The maximum lateral growth distance that can take place depends upon the 
nucleation behaviour of the completely molten areas of the bottom layer. Due to the heat 
conduction to the substrates, the temperature of these molten areas can become reduced so 
that copious nucleation would occur just like in the completely melted regime. This could 
stop the SLG process. With sufficiently closer seed areas, SLG fronts can meet somewhere 
in-between, resulting in grain boundaries. (Im et al., 1998) The laser energy densities 
fulfilling these criteria fall into a very narrow window of laser energy densities. As 
explained, the grain sizes are very sensitive to the amount of seeds in the molten silicon, 
making it difficult to obtain uniformity. Even the pulse-to-pulse variations of the excimer 
laser energy make the task veiy difficult. The thermal conductivity of the substrate also 
plays a vital part in this regime, since it affects the solidification velocity of the melt. 
Brendal et al. (2002) investigated this aspect, using a molybdenum coated substrate to 
change the thermal conductivity of the substrate. Since molybdenum does not enhance the 
crystallisation process unlike aluminium or nickel, they managed to observe the 
dependence of grain size with increasing thermal conductivity of the substrate. Efforts to 
control SLG in order to obtain better quality films were made later. The first successful 
technique was called ‘artificially controlled’ SLG.
34
Thin Film Silicon and Excimer Laser Crystallisation o f  a-Si:H
Following their work on SLG regime, Kim and lm suggested that the control of the 
melt process of the bottom layer of the film would yield better results. Optical and 
photolithographic methods were used to modify the laser induced melt process. Kim and lm 
(1996) used a silicon dioxide capping layer to control the area of exposure to the laser 
irradiation. The resulting melt was completely melted in the uncapped regions, whereas 
partially melted in the capped regions. SLG initiated from the non-molten regions of the 
film and directionally proceeded to the completely molten portion of the film. From their 
TEM based work, they observed the re-growth process with the change of the width of 
molten region. It was seen that if the molten area was wide enough for deep supercooling to 
occur in the middle, a fine-grained polycrystalline layer occurs at around the middle of the 
melt. With the ideal melt width, the two laterally growing fronts would meet at the middle, 
resulting in very large grains. (Im et al., 1998) Therefore, it was concluded that, by 
controlling the spatial variation of completely and incompletely molten areas SLG could be 
made optimum. This process was named as artificially controlled SLG. The process has 
resulted in micrometre sized grains with single pulse irradiation.
Different techniques based on artificially controlled SLG have been reported 
subsequently. Mariucci et al. proposed a two-pass excimer laser crystallisation technique, 
which promises large grains and a uniform structure. They used a mask for crystallisation, 
with sufficient width to leave alternate a-Si:H and polycrystalline silicon areas. They 
demonstrated that there is an energy window which partially melts the polycrystalline 
silicon and completely melts the a-Si:H during the second pass without the mask, in order 
to crystallise the a-Si:H areas. Use of multiple shots for the second pass has been reported 
to yield better surface qualities. (Mariucci et al., 1999, 2001) Grain sizes as large as 5 [im 
have been reported by a technique called the gradient method, which also make use of 
lateral growth phenomena. (Ishikawa et al., 1998) However, the most attractive regime has 
been the process called ‘sequential lateral solidification’.
Sequential lateral solidification is an improved version of artificially controlled 
SLG. (Sposili & Im, 1997) It was suggested that, repositioning the sample with respect to 
an incident beam between pulses in artificially controlled SLG, would result in further 
lateral growth, via epitaxial growth by seeds from the previous grains. Since the process 
could be repeated indefinitely, arbitrarily long grains can be produced. The process requires 
the basic artificially controlled SLG requirements as well as two other requirements. The 
relative translation should be in the direction of lateral growth and per pulse translation 
distance should be less than artificially controlled SLG distance. (Im et al., 1998) The
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process yields single crystal silicon, although with sub-boundaries within them. However, 
the single crystallites obtained are not continuous. (Im et al., 1997)
The research focused onto location control of the grains after the discovery of SLG. 
Subsequent improvements to SLG involve photolithographic techniques for location 
control. Wilt et al. (2001) reported the use of indentations on the substrate, so that the 
silicon in the indentation acts as seeds in SLG. Also, this technique relaxes the narrow 
energy window for normal SLG. The films used were comparatively thick, and therefore 
higher energy densities had been employed. Kumomi (2003) suggested that by changing 
the melt threshold energy of the nucleation sites, the same growth characteristics can be 
achieved. However, complicated processing and the area specific nature of these techniques 
are drawbacks for photovoltaic applications.
The use of semi-Gaussian beams, swept along the direction of the Gaussian energy 
distribution, has been shown to crystallise films in SLG regime. (Brotherton et al., 1997) 
This is related to the crystallisation mechanisms occurring at the trailing edge of the semi- 
Gaussian beam. In fact, if the energy density at the maximum of the Gaussian distribution is 
sufficiently high enough to induce a complete melting of the silicon film, the material will 
be transformed into fine-grained polycrystalline silicon. When the beam is finely stepped 
forward, the fine-grained polycrystalline silicon will be re-irradiated at lower energy 
densities with the trailing edge of the beam and, therefore, the right conditions to trigger the 
SLG mechanism, with almost complete melting achieved. After SLG material is. formed, 
further irradiations at lower energies will not change the SLG structure, since only partial 
melting will occur. (Fortunato et al., 2000)
3.5.3 N e w  D e v e l o p m e n t s
Most of the research after the discovery of SLG phenomena focused around 
improving the regime itself. Due to drawbacks such as operating in a narrow energy 
window and non-uniformity in the resulting films, alternative methods have been explored. 
Out of these efforts, ‘phase modulated excimer laser annealing’ and its subsequent 
modifications stands out as a single shot technique. The working principle of these 
techniques relies on shaping the laser energy profile that is irradiated onto an a-Si:H 
sample. In order to induce lateral grain growth, an energy gradient must be enforced such 
that the a-Si:H film is completely melted at the area exposed to higher laser energies and 
partially melted at the adjacent area exposed to lower laser energy. If this condition is 
fulfilled, grains grow laterally towards the completely molten region. The lateral grain
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growth will eventually be arrested by either colliding with lateral grains grown from the 
other side or by spontaneous nucleation triggered in the severely supercooled molten silicon 
pool. (Lee et al., 2000)
Oh et al., (1998) suggested that by using a phase shift mask, the phase modulated 
excimer laser beam creates an intensity gradient due to interference. They concluded that 
this gradient triggers lateral grain growth and showed that large grains up to seven microns 
can be achieved for 200 nm thick films on glass. Although Yeh & Matsumura (1999) 
suggested that this is a good technique for silicon seed layer fabrication, the complexity of 
the technique is a drawback. The possibility of two dimensional control of growth was 
reported later, but the technique focused on isolated crystalline areas rather than large areas, 
which used complicated fabrication steps. (Oh & Matsumura, 1998, Ozawa et al., 1999) 
Further improvements on the technique has been reported, but the use of capping layers and 
melt suppression layers makes the process less attractive for photovoltaics. (Yoshimoto et 
al., 2001)
Spatially modulated heating of the film realised by modulating the absorbed light 
through patterned overlayers has reported to be capable of producing large-grained uniform 
silicon thin films. (Mariucci et al., 1999) Use of anti-reflective, heat-sink and reflective 
layers were investigated, and satisfactory results have been reported. However, the 
complicated and expensive processes make them less attractive for industrial use. 
(Fortunato et al., 2000)
Techniques to control the nucleation sites as well as direction of solidification have 
been reported, with complex fabrication schemes. Moreover, these have been tailored for 
specific thin film transistor applications. (Hara & Sasaki, 2000a, 2000b)
Use of very high energy densities in the order of a few joules per pulse has been 
reported recently, which has resulted in thick (1.5 pm) polycrystalline silicon. Although the 
initial films were furnace annealed before substrate-heated excimer laser crystallisation, 
ability to crystallise films of the required thickness for photovoltaics is encouraging. (Zang 
et al., 2004)
3.5.4 Surface R o u g h n e s s  Effects of E x c i m e r  L a s e r  Crystallisation
Increased levels of surface roughness have been a characteristic of many laser 
irradiation schemes. Several parameters have been identified to be influencing the surface 
morphology of excimer laser crystallised silicon. Explosive evaporation of hydrogen from
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a-Si:H has been identified to be the major cause of increased surface roughness. 
(Sameshima, 1989, McCulloch & Brotherton, 1995) Use of multiple shots for 
crystallisation and the ambient condition of irradiating atmosphere have also been identified 
as causes for increased surface roughness. (McCulloch & Brotherton, 1995) Differences in 
latent heat and thermal conductivity between crystalline and amorphous silicon was 
suggested by Asai et al., (1993) as a possible cause for surface roughness. The last 
possibility reported is capillary waves excited by volume change at the silicon melt 
transition from liquid to solid, which was suggested by Fork et al. (1996)
The effect of explosive evaporation of hydrogen was reported during the early 
stages of research. Sameshima et al. (1989) reported that the presence of 10% atomic 
hydrogen in a-Si:H resulted in heavily damaged surface structure, with roughness in the 
order of hundreds of nanometres. They suggested the use of multi step irradiation in order 
to minimise the effect. The use of a number of laser pulses starting from a lower value up to 
the required energy density reduced the surface roughness dramatically. This process was 
further studied by Mei et al. (1994a, 1994b) based on their thin film transistor related work. 
They concluded that hydrogen out-diffusion strongly depends on the laser energy density. 
The use of incremental laser energy density for reducing hydrogen concentration was 
named as ‘selective dehydrogenation’.
Brotherton et al. (1994) analysed hydrogen out-diffusion caused surface roughness 
in terms of laser beam profile. They argued that instead of a multi-step irradiation process 
using a top-hat homogenised beam profile, continuous scanning can be performed if a beam 
with a semi-Gaussian profile is used. It was further stated that the low intensity leading 
edge of the beam is able to promote a less abrupt and therefore, a less damaging hydrogen 
release.
McCulloch and Brotherton (1995) in their study on surface roughness identified 
another surface roughening mechanism, which they stated, is independent of hydrogen 
content. It was suggested that the surface roughness from the previous shots would act as a 
diffraction grating, creating diffracted waves parallel to the surface. These parallel waves 
are believed to be interfering with the incident wave. Where a sufficiently high maximum 
occurs, it modifies the surface, such as local melting and surface roughness effects.
Asai et al. (1993) argued that the surface roughness corresponds to the grain size of 
the crystallised film. They stated that the smaller the grains, the smoother the surface will 
be. It was shown that by using small pitch scan rates, smoother surfaces can be realised
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compromising the grain size. When the pitch is small, the volume of travelling liquid phase 
of the film is small. This small area is surrounded by crystalline silicon, which has a higher 
thermal conductivity that causes the melted area to solidify faster. This results in smoother 
surfaces with smaller grain sizes. It was further stated (Asai et al., 1993) that a two-step 
irradiation process could be utilised to obtain larger grains with a smoother surface. Here, 
the first irradiation is expected to yield a fine-grained smooth film, and the secondary 
irradiation is expected to make the grains larger.
The density change between solid and liquid silicon is believed to result in capillary 
waves which create ridges and hillocks on the surface. (Toet et al., 1999) Since the density 
of liquid silicon is higher than that of solid silicon, as the solid regions grow, they fill a 
larger volume than the liquid silicon. The grain boundaries and vertices, which typically are 
the last to freeze, will have accumulated silicon due to this expansion. The remaining 
denser liquid results in forming ridges and hillocks. (Fork et al., 1996)
The quality of the surface strongly depends upon the ambient condition of the 
irradiation atmosphere as well. Several ambient conditions have been investigated, starting 
with vacuum, inert gases, and air as well. The existence of gas affects the cooling rate of 
the laser induced melt and results in faster solidification velocities. (Marmorstein, 1997) 
Presence of air is reported to be influential on surface roughness, mainly due to the 
presence of oxygen. Although the exact mechanism is unclear, in a practical point of view, 
use of oxygen depleted ambient is known to be beneficial for smoother surfaces. 
(McCulloch & Brotherton, 1995)
3.5.5 Electrical Properties of E x c i m e r  L a s e r  Crystallised Silicon
Since a vast majority of the literature on excimer laser crystallisation is on thin film 
transistor applications, most of the electrical characterisations available are based on thin 
film transistor performance. (Brotherton et al., 1993) In the early work on this topic, Winer 
et al. (1990) analysed the behaviour of dark conductivity of excimer laser crystallised 
silicon. They studied the relationship of dark conductivity with the laser energy density, in 
a multiple pulse irradiation regime. Both doped and undoped silicon were investigated in 
the study. A threshold energy density was identified for conductivity increase, analogous to 
threshold for grain size. The threshold energy density was observed to be lower for doped 
silicon.
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Sameshima et al. (1999) later reported an extensive investigation on the electrical 
properties of excimer laser crystallised silicon. They used free carrier optical absorption and 
Hall effect measurements for their studies. The same group reported results on 
conductivity, carrier concentration and mobility of ‘as laser crystallised* silicon. They 
suggested that carrier transfer in excimer laser crystallised silicon is governed by grain 
boundaries. Their results explained that the carrier mobility of these silicon films behave in 
a complex manner having a minimum value at a specific laser energy density. The mobility 
relates to the number of laser pulses in the same manner. They explained this phenomenon 
in terms of localised trap states density. (Higashi et al., 1999) It was stated that the 
minimum value of mobility is experienced when localised trap states are of a similar value 
to donor concentrations. Since the trap states change with increase of laser energy density, a 
minimum in mobility is encountered.
In a different study, a sudden peak in conductivity followed by saturation is 
reported, with increase in number of laser pulses used. Ivlev et al. (1999) used time 
resolved conductivity measurements for this work. It has been suggested that, the high 
conductivity may be due to the existence of amorphous silicon even after the first 
irradiation. Since metastable states can be created in a-Si:H due to irradiation, the additional 
deep states result in hopping conduction showing an initial maximum in conductivity.
3.5.6 E x c i m e r  L a s e r  Crystallised Silicon in Solar Cells
Several attempts have been reported on the use of excimer laser crystallised silicon 
for the fabrication of solar cells. However, since the process yields comparatively thin 
silicon films, the preferred technique for the fabrication of solar cells has been the epitaxial 
growth of absorber layers starting with excimer laser crystallised silicon seed layer. 
(Yamamoto et al., 1994, Yeh & Matsumura, 1999)
Lengsfeld et al. (2001) investigated the effect of doping on excimer laser 
crystallisation, in the context of solar cell applications. They concluded that films 
crystallised in the SLG regime have sufficient conductivity to be used as back contacts.
Recently published work has focused on fabrication of thicker films. Higher laser 
energy densities have been utilised for this purpose on films as thick as 1 pm. Grain sizes 
around 500 nm have been reported with 0.8 pm thick films after irradiating with a laser 
energy density of 640 cm"2. However, the crystallisation depth has been 400-600 nm. 
(Azuma et al., 2002)
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3.5.7 D o p i n g
Sameshima et al. (1987) reported doped polycrystalline silicon by excimer laser 
crystallisation of dopant/a-Si:H structures. For heavy doping, alternate layers of dopant and 
a-Si:H had been utilised. Fogarassy et al. (1993) used spun-on-glass coated phosphorus as 
the dopant. Mei et al. (2000) used gas environments of dopants as annealing environment, 
called gas immersion laser doping. Saleh and Nickel (2004) have investigated excimer laser 
crystallisation of phosphorus doped a-Si:H. They have reported that, the dopant inclusion 
does not affect the crystalline volume from excimer laser crystallisation. However, it was 
noted that the required energy density for SLG is less for doped samples compared with 
intrinsic films, consistent with Winer et al.’s (1990) observations on conductivity.
3.6 S u m m a r y
Current silicon thin film technologies were reviewed. A brief discussion on growth 
and characteristics of a-Si:H was presented. A comprehensive review on excimer laser 
crystallisation of a~Si:H was made, in the context of photovoltaic applications.
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4  E x p e r i m e n t a l  P r o c e d u r e s
4.1 D e p o s i t i o n  o f  a - S i : H
The initial a-Si:H for this investigation was deposited using 13.56 MHz PECVD at 
250 °C. Different thin film configurations were utilised for material characterisation and 
device fabrication. For better adhesion of a-Si:H to glass substrates, a silicon nitride layer 
was deposited by PECVD, onto the glass. For device fabrication, Indium tin oxide (ITO) 
covered glass was used, therefore without the use of silicon nitride layer. Initial a-Si:H 
films were supplied by Philips research laboratories, Redhill, Surrey, U.K., and a 
commercial producer of a-Si:H photovoltaics, whom cannot be disclosed due to 
commercial sensitivities at the time of writing.
4.2 E x c i m e r  L a s e r  Crystallisation
4.2.1 O p e r a t i o n  of E x c i m e r  Lasers
Excimer lasers utilise excited state diatomic molecules as the lasing material, which 
are unstable at ground state. The most important excimer molecules are rare gas halides 
which are used to realise different wavelength excimer lasers. Table 4.1 shows the different 
types of molecules used and their characteristic laser wavelengths. (Hecht, 1992)
Excimer lasers contain a mixture of gases where 90-99% is a buffer gas which 
mediates energy transfer, usually an inert gas. The rare gas halide, which is the lasing 
media, is present in much smaller concentrations. The energy of the laser is deposited by an 
electric discharge. Conventionally, an excitation pulse is passed through a sealed tube filled 
with laser gas. Up to 5% of the electrical energy is converted to laser energy. Electron 
beams and microwave excitation are also known to be possible excitation sources. To
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Figure 4.1: Internal energy o f excimer molecules as a function o f inter-atomic 
spacing for ground and excited states.
improve energy transfer and to avoid arcing, the laser gas is pre-ionized before the 
excitation pulse.
When electronically excited, the two component atoms attract each other to form a 
stable molecule. At the ground state, the two atoms are mutually repulsive or in some cases 
weakly bound. Figure 4.1 illustrates the behaviour of internal energy of excimer molecules 
as a function of inter-atomic spacing for ground and excited states. Excited state lifetimes in 
the order of tens of nanoseconds govern the time scale for excimer lasers. Typical pulse 
durations are a few tens of nanoseconds. Pulses lasting longer can be produced with 
different discharge mechanisms. The laser gas mix needs to be renewed after continued use. 
Electrodes are made from halogen resistant materials whereas optics is usually made with 
magnesium fluoride. Modem excimer lasers can operate at high repetition rates above 300 
Hz. KrF is renowned to have the highest pulse energy and average power even though the 
operating life of the gas mix is shorter.
Lasing Medium ArF KrCl KrF XeCl XeF
Wavelength (nm) 193 222 248 308 350
Table 4.1: Excimer laser gases and their characteristic wavelengths.
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Figure 4.2: Laser components o f the excimer laser crystallisation facility according to
ISO 11145.
4.2.2 E x c i m e r  L a s e r  Crystallisation Facility
For this project, a KrF Lambda Physik LPX 21 Oi excimer laser is used for 
crystallisation of PECVD grown a-Si:H. The laser produces UV energy at 248 nm with a 
maximum pulse repetition rate of 100 Hz. Pulse duration is 25 ns according to 
manufacturer’s specifications with a maximum pulse energy of 700 mJ measured at 5 Hz. 
Figure 4.2 illustrates the facility according to ISO 11145 classification. (Lambda Physik 
Gmbh, 2000)
Output power of the excimer laser is controlled by the discharge voltage used, 
through the user interface; the hand held controller. A set of attenuators is used as a 
secondary control of laser energy, and a set of optics guides the beam to the crystallising 
chamber. The secondary optics is located outside the LPX 21 Oi. The beam is homogenised 
with a Microlas beam homogeniser, which retains the semi-Gaussian profile of the laser 
beam and the profile is captured by an Exitech Profile 256 beam profiling system, after 
splitting the beam above the sample plane.
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Figure 4.3: Schematic o f the excimer laser crystallisation process.
A stainless steel chamber with a quartz window is used to host the samples 
during crystallisation. The chamber is fixed on a micron precise translation stage, Aerotech 
HDR 500, which is controlled by HDR 500 control software. The laser energy is measured 
by splitting the beam for the second time, using Molectron EPM 1000 analyser along with a 
Molectron J25LP-MUV pyroelectric joulemeter. Pyroelectric detectors utilise a 
ferroelectric crystal that has a permanent electrical polarization. Incident light heats the 
crystal, thus changing its dipole moment and causing current to flow. When designed into a 
joulemeter sensor, pyroelectrics essentially act like capacitors in that they integrate pulses 
and produce a signal with a peak proportional to the energy in the pulse. The 150-1100 nm 
wavelength joulemeter was factory calibrated, and had a calibration uncertainty of 3 %  at 
193 nm. (Coherent Inc., 2002) The laser energy densities are quoted for a single pulse. The 
pulse-to-pulse variation of modern excimer lasers is reported to be 6-9%, hence the laser 
energy densities are expected to have an error of at least 10%. (Voustas, 2003)
The actual experimental set up is shown in figure 4.3. The samples are irradiated 
in the chamber, which can be kept in vacuum or filled with gases. The translation stage 
makes it possible to crystallise large area a-Si:H samples by scanning the samples against 
the beam. The scanning speed and pulse repetition rate can be combined to yield different 
pulse density regimes. The aperture which is shown in figure 4.3 provides a means to select
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a homogeneous section of the beam. Depending on the selection of the aperture, the beam 
size onto the sample plane can be customised. Figure 4.4 illustrates the semi-Gaussian 
beam profile of 4x10 mm2 beam at the sample plane, captured and analysed by the Exitech 
256 beam profiling system. The energy distribution is shown in figure 4.5.
Figure 4.4: Semi-Gaussian beam profile o f the 248 nm 4*10 mm2 laser pulse. Dimensions
measured at the sample plane.
Figure 4.5: Plan view energy distribution o f the semi-Gaussian beam profile o f the 248 nm 
4*10 mm2 laser pulse. Dimensions measured at the sample plane.
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Figure 4.6: Schematic o f the excimer laser ablation process.
4.2.3 L a s e r  Ablation Facility
The KrF excimer laser is also used for laser ablation and deposition of thin films. 
The laser beam is focused onto the target material to be ablated, which is kept in vacuum. 
The substrate where the film is required to be deposited is kept parallel to the target, inside 
the vacuum chamber. The high energy density focused laser ablates material off the surface 
of the target, and the ablated material is deposited onto the substrate. In this study, red 
phosphorus lumps were ablated to form a few nanometre thick layer onto thin film silicon 
for laser doping. Figure 4.6 illustrates the experimental setup.
4.3 M a t e r i a l  C ha r a c t e r i s a t i o n  T e c h n i q u e s
4.3.1 R a m a n  Spectroscopy
Raman spectroscopy has been widely employed to characterise excimer laser 
crystallised silicon. The technique is based on the Raman Effect, which is in simplest terms, 
the inelastic scattering of photons by molecules. Most photons are elastically scattered, and 
has the same frequency as the incident photon and is called Rayleigh scattering. Raman 
scattering is very weak compared to Rayleigh scattering, and its frequencies are modified 
by a value corresponding to the vibration frequency of a molecule. If v0 is the incident laser
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frequency and pM is the vibrational frequency of a molecule, p0-Pm is known as Raman 
stokes and v0+vM is known as Raman anti-Stokes. In Raman spectroscopy, pm is measured as 
a shift from the incident beam frequency. There are two branches of normal vibrations in a 
crystal. Optical branch occurs in the optical spectral region whereas the acoustical branch 
occurs in the sound or ultrasound regions. (Ferraro & Nakamoto, 1994)
The physical depth of investigation by this method depends on the absorption 
coefficient of the material at the wavelength utilised for Raman spectroscopy. For excimer 
laser crystallised silicon under discussion, the absorption coefficient is expected to be 
complex, due to the layered microstructure from partial melting regimes. Further, it is 
expected that the grain sizes vary with the increase of laser energy density, which causes 
changes in the absorption coefficient, and hence the depth of absorption. However, with the 
film thicknesses discussed, which are less than a micrometre, their Raman spectra are 
expected to contain information from the entire silicon layer. (Wolf, 1996, Lengsfeld et al.,
2000) Detailed information on individual layers may be obtained using confocal Raman 
spectroscopy. Raman backscattering detection was performed using a Renishaw 2000 
Raman microscope with a 782 nm diode laser, in all the investigations discussed in this 
project.
4.3.2 Optical T ra ns m is s io n  Spectroscopy
A Camspec M3 30 UV-visible spectrophotometer was used to measure optical 
transmission through the samples from 190 to 900 nm. Optical transmission data was used 
to calculate the absorption coefficients of the films and band gaps of excimer laser 
crystallised films were extracted using models available for disordered semiconductors. 
Tauc’s method has been the preferred technique out of the available models, and is used as 
the preferred method for most of the investigations in this project. (Swanepoel, 1997)
4.3.3 F o r w a r d  Recoil S p e c t r o m e t r y
Forward recoil spectrometry (FRS) also known as elastic recoil detection analysis 
is a non invasive, ion beam analysis technique for quantitative analysis of light elements in 
solids. The sample which has to be analysed is irradiated with a beam of helium, carbon or 
oxygen ions of several MeV energy. Light elements like hydrogen and deuterium from the 
sample are scattered in forward directions and can be detected with a detector. From the 
measured energy spectrum of the recoils a concentration depth profile can be calculated.
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Figure 4.7: Schematic diagram o f the forward recoil spectrometry set up.
The detection of scattered ions from the incident ion beam is normally suppressed in order 
to avoid background. The easiest and most common method is the use of a foil which stops 
the scattered ions, but allows the passing of the recoils which have a lower stopping power. 
(Doyle & Peercy, 1979) Figure 4.7 shows a schematic diagram of the experiment.
FRS was used to quantify the atomic percentage of hydrogen, in a-Si:H and 
excimer laser crystallised silicon thin films. Analysis was done using a 2 MV Tandetron 
accelerator supplied by High Voltage Engineering Europe. Depth profiles were extracted 
automatically from FRS spectra using the IBA DataFumace software. (Barradas et al., 
1997) The IBA DataFumace fits the data with elemental depth profiles. A 2.070 MeV 4He+ 
beam was used with a detector scattering angle of 30° for the measurements.
4.3.4 M i c r o s c o p y
Scanning electron and probe microscopy were used for qualitative and quantitative 
assessment of surface morphology and surface roughness, and cross sectional analysis in 
conjunction with ion milling facilities of the excimer laser crystallised silicon. TEM was 
also used for cross sectional analysis.
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4.3.4.1 S c a n n i n g  E l e c t r o n  M i c r o s c o p y
Scanning electron microscopy (SEM) utilises the wave nature of electrons in place 
of light to form an image, which has a great advantage over resolution, due to electrons’ 
shorter wavelength. By scanning an electron probe across a specimen, high resolution 
images of the morphology or topography of a specimen, with great depth of field, at very 
low or veiy high magnification can be obtained. Compositional analysis of a material may 
also be obtained by monitoring secondary X-rays produced by the electron-specimen 
interaction.
The SEM generates a beam of electrons in a vacuum. The beam is collimated by 
electromagnetic condenser lenses, focussed by an objective lens, and scanned across the 
surface of the sample by electromagnetic deflection coils. The primary imaging method is 
by collecting secondary electrons that are released by the sample. The secondaiy electrons 
are detected by a scintillation material that produces flashes of light from the electrons. The 
light flashes are then detected and amplified by a photomultiplier tube.
An xT Nova Nanolab supplied by the FEI Company was used for SEM imaging 
experiments.
4.3.4.2 S c a n n i n g  P r o b e  M i c r o s c o p y
A scanning probe microscope was used in atomic force microscopy (AFM) mode 
for surface morphology analysis and for estimation of surface roughness of films. AFM 
utilises a sharp probe moving over the surface of a sample in a raster scan. The probe is a 
tip at the end of a cantilever, which bends in response to the force between the tip and the 
sample. An optical technique is used to detect the bending of the lever. Since the cantilever 
obeys Hooke's law for small displacements, the interaction force between the tip and the 
sample can be found. The movement of the tip or sample is performed by a precise 
positioning device made from piezo-electric ceramics. The scanner is capable of sub­
angstrom resolution in X, Y and Z directions. The AFM can be performed in contact mode, 
tapping mode or non-contact mode. Mathematical manipulations yield parameters such as 
grain size and surface roughness from the data. (Wiesendanger, 1994)
A Digital Instruments, Dimension 3100 scanning probe microscope was used in 
AFM mode for measurements.
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4.3.4.3 T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p y
The wave-like properties of electrons mean that a beam of electrons can in some 
circumstances be made to behave like a beam of radiation. The wavelength is dependent on 
their energy, and so can be tuned by adjustment of accelerating fields, and can be much 
smaller than that of light, yet they can still interact with the sample due to their electrical 
charge. The principle of TEM is to use an electron beam on a very thin sample, which will 
penetrate some electrons through the specimen, and then can be captured with the details of 
the sample through which transmission occurred. TEM was used to study the cross sections 
of excimer laser crystallised silicon. A Philips CM-200 transmission electron microscope 
was used for the experiments.
Electron energy loss spectroscopy (EELS) is a secondary method of analysis 
associated with TEM, which was used to investigate different interfaces formed after 
excimer laser crystallisation. When the electron beam is incident onto a specimen, a part of 
the electrons is inelastically scattered and loses part of their energy. Elemental composition 
and atomic bonding state information can be determined by analysing the energy with a 
spectroscope attached under the electron microscope. Because the analysing region can be 
selected from a part of the enlarged electron microscopic image, very small regions can be 
analysed. In addition, by selecting electrons with a specific loss energy by a slit so as to 
image them, element distribution in specimen can be visualised. This technique is known as 
elemental mapping.
4.3.5 Conductivity M e a s u r e m e n t s
A Keithly 487 picoammeter/voltage source is used for current-voltage 
measurements with automated data collection using Labview software. Aluminium or gold 
inter-digitated structures formed using photolithography were used as contacts, that results 
in 3 mm long, 20 jim gaps between the electrodes, which is expected to minimize stray 
effects. Figure 4.8 shows the experimental set up. Conductivity <Jd is given by equation 4.1,
where d,w,I,l and V are thickness of the silicon film, distance between the contacts, current, 
length of the contacts and voltage. (Schropp and Zeman, 1998)
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Figure 4.8: Experimental set-up for dark conductivity measurements.
Since nominal thicknesses of the samples are used for calculations, the uncertainty 
of the measurement is high and is assumed to be within 1 0 %  of the calculation.
4.4 D e v i c e  F a b r i c a t i o n  T e c h n i q u e s
Two types of devices were investigated in this study. Schottky barrier solar cells 
were fabricated using 150 nm and 300 nm thick a-Si:H films, after excimer laser 
crystallisation, p-i-n solar cells were fabricated with a 400 nm thick excimer laser 
crystallised intrinsic layers. The detailed processes are given in respective chapters.
4.5 D e v i c e  C h a r a c t e r i s a t i o n
4.5.1 Spectral R e s p o n s e
Spectral response of the photovoltaic devices was measured with a standard lock-in 
technique according to IEC 60904-8. (IEC, 1998) The incident photon conversion 
efficiency (IPCE), which is the number of electron-hole pairs generated for each incident 
photon, was calculated from the spectra.
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Figure 4.9: Spectral Response measurement set-up according to IEC 60904-8. Grey 
arrows represent optical signals and black arrows represent electrical signals.
Measurements were performed using a set up shown in figure 4.9, which includes a 
monochromator (SPEX 0.340 Spectrometer), a light source (Osram tungsten halogen lamp; 
Xenophot HLX 64623) and a lock-in device (SRS510, Stanford Research Systems). The 
monochromator is controlled by a communication module (SPEX DS1000), which also 
collects the lock-in amplifier signal. A UV enhanced, factory calibrated, Centronic
Wavelength (nm)
Figure 4.10: Response plot o f  Centronics OSD5.5-7Q photodiode.
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Photodiode (OSD35-7CQ) was used as the reference device for the measurement of 
incident photons. Figure 4.10 shows the calibration plot for the photodiode.
A Dolan Jenner 190 Fibre optic illuminator was used as the bias light for Schottky 
barrier solar cell measurements, which uses a quartz halogen lamp. The illumination 
intensity was one tenth of AM 1.5 intensity, measured with a Centronics OSD35-7CQ 
photodiode.
4.5.2 Photovoltaic Characteristics
Photovoltaic current-voltage characteristics were measured according to CEI/IEC 
904-1 (1987) standard. An Oriel 81160 solar simulator was used for AM 1.5 simulation. 
Oriel 81160 is a class B simulator according to IEC 60904-9 (1995) classification with a 
non-uniformity of irradiance at < 5%. The simulator uses a xenon arc lamp along with 
optics for realisation of a near AM 1.5 spectrum. Figure 4.11 compares the AM 1.5 direct 
spectrum with the characteristic output produced by Oriel 81160 solar simulator. (Oriel 
Corporation, 1993) The simulator intensity was calibrated for AM 1.5 (1000 Wm'2) with a 
Molectron PS 19 thermopile detector and a Molectron PM500AD laser power meter. PS 19 
is a 0.3 to 11 pm wavelength range broadband detector with a calibration uncertainty of 
±3%.
Figure 4.11: Typical output distribution of Oriel 81160 direct simulator compared with 
AM 1.5 direct (ASTM E891) spectrum. The total power density is matched from 250 nm
to 2500 nm.
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The photovoltaic characteristics were measured using a Keithly 2400, which 
sources voltage to the measurement circuit and measures the voltage at the cell terminals 
while recording the photo-generated current. The voltage source acts as a virtual load in this 
case enabling the fourth quadrant characterisation of the solar cell. The data acquisition was 
done using an in-house custom programmed Labview software. Figure 4.12 illustrates the 
experimental setup.
AM 1.5 Simulated Sunlight
Back
Contact
Figure 4.12: Photovoltaic output characteristics measurement setup.
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5  T h i c k n e s s  D e p e n d e n c e  o f  P r o p e r t i e s  o f  
E x c i m e r  L a s e r  C r y s t a l l i s e d  S i l i c o n
5.1 I n t r o d u c t i o n
The ability of excimer lasers to crystallise a very thin layer of a-Si:H of the order of 
100 nm, (Brotherton, 1995) becomes a limitation for photovoltaics, since films of the order 
of 1 pm are necessary for adequate light absorption. (Keppner et al., 1999) Due to the high 
absorption properties of a~Si:H in the UV, the attainable crystalline silicon thickness is 
inadequate for satisfactoiy light absorption in photovoltaics. Further, the indirect band gap 
of crystalline silicon compared with the pseudo-direct band gap of a-Si:H, requires thicker 
films for similar quantity of light absorption. A systematic study of the properties of films 
thicker than 100 nm subject to excimer laser irradiation becomes important in this context.
In this investigation, 100, 300 and 500 nm thick films were irradiated with a set of laser 
energy densities, and were characterised for structural and electrical properties. The 
crystallisation falls into the partial melting regime (Im & Sposili, 1996) which results in 
layered structures.
5.2 E x p e r i m e n t a l  Details
a-Si:H samples with initial thickness of 500 and 300 nm were PECVD deposited on 
0.7 mm thick Corning 1737 glass, covered with a PECVD grown 100 nm silicon nitride 
layer. The 100 nm thick samples had an additional 400 nm PECVD silicon dioxide layer 
between the silicon nitride and a-Si:H layer. All samples were intrinsic (non-intentionally 
doped) and deposited at 250 °C. The samples will be referred to as 100 nm, 300 nm and 500
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nm samples in the discussion that follows. Ail three sets of samples were known to have an 
initial content of 10% atomic hydrogen.
The homogenised, semi-Gaussian beam profile used for crystallisation was 10 mm 
along the Gaussian, scanned direction and 4 mm across, with a scan speed of 2.5 mms'1, at a 
pulse repetition rate of 50 Hz. This multiple pulse irradiation scheme results in a pulse 
density of 200, at a given spot. The overlap between two scan lines was kept at 5% of the 
beam width. A series of laser energy densities was used for the crystallisation from 50 to 
300 mJcm"2, in steps of 50 mJcm'2. 300 mJcm'2 was the maximum uniform energy density 
attainable with the LPX 21 Oi and associated optics, at 4x10 min2 beam size. However, for 
100 nm films, 250 mJcm"2 was used as the maximum energy density, since significant mass 
transfer was evident at this energy density. Films were crystallised in vacuum at a base 
pressure of 0.1333 Pa.
5.3 Structural C h a r a c t e r i s a t i o n
5.3.1 R a m a n  Spectroscopy
It has been established that the Raman spectrum of a-Si:H consists of several broad 
peaks, caused by the transverse acoustical phonon (150 cm'1), the longitudinal acoustical 
phonon (320 cm'1), the longitudinal optical phonon (390 cm'1) and most importantly the 
transverse optical phonon at 480 cm'^Voutsas et al., 1995), which is considered to be the 
important peak, compared with crystalline silicon. Due to momentum conservation laws in 
monocrystalline silicon, only phonons with zero momentum are selected. Optical phonons 
with energy 64 meV have zero momentum, and hence the Raman spectrum for 
monocrystalline silicon consists of a one phonon peak at 521 cm'1, which is the transverse 
optical phonon. (Smit et al., 2003)
The Raman spectrum of mixed phase silicon has two distinct peaks corresponding 
to amorphous phase and crystalline phase. The crystalline peak close to the 520 cm"1 
becomes stronger with increasing crystallanity of the material. With smaller particle size, 
the momentum selection rule of the Raman process is more relaxed. With increasing 
momentum, the transverse optical phonon energy becomes lower, and lower energy 
phonons will be excited. This leads to a broadening of the Raman peak towards the lower 
energy side. (Smit et al., 2003) The best fit for the peak has been identified to be Lorentzian 
whereas for a-Si:H the best fit is Gaussian.
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5.3.1.1 D e t er m in a ti on  o f  Crystalline V o l u m e  Fraction
Raman spectra have widely been used to ascertain the crystallanity of silicon thin 
films qualitatively. Also, the crystalline volume fraction of mixed phase thin films can be 
calculated from the integrated intensities of the peaks, with Gaussian fits for the amorphous 
peak (Ia) and Lorentzian fits for crystalline peak (7C). The calculation for this investigation 
was done as proposed by Tsu et al. (1982) with crystalline volume fraction (Xc) given by 
equation 5.1, where y  is the ratio of the backscattering cross sections of amorphous and 
crystalline phases.
X  = - 3 = -  (5.1)
The method has undergone modifications over the years, with one such addition 
being the inclusion of an intermediate Raman peak which is considered to represent the 
grain boundaries of the material. (Yue et al.,1999 and Moon et al., 2001) This intermediate 
peak is not significant in this work and hence the original equation is used for the 
calculations.
Tsu et al. (1982) calculated the value of y using absorption coefficients of 
amorphous and crystalline materials. Bustarret and Hachicha (1988) suggested a grain size 
dependent formula for the calculation of y. Due to the stratified microstructure resulting in a 
complex mix of grain sizes, Bustarref s and Hachicha’s method has proven difficult to be 
used for this analysis. However, the value has been calculated to be within 0.8-0.9 for most 
of the mixed phase silicon thin films, (Tsu et al.,1982, Kakinuma et al.,1991) with the most 
widely used being 0.8. (Okada et al., 1985, Voutsas et al., 1995) For the purpose of this 
analysis, y was taken as 0.8. The maximum error associated with the averaged calculation 
of Xc from Raman spectra was calculated to be 6%, calculated from the errors associated 
with the Gaussian and Lorentzian fits.
5.3.1.2 C o m p a r i s o n  o f  Crystalline V o l u m e s
For the discussion of melting and solidification of the samples, it is necessary to 
establish the nature of solidification. The UV absorption is assumed to be similar for all 
three sets of samples, since the initial atomic percentage of hydrogen is ~ 10% and surface 
roughnesses are of the same order. These will be verified with the experimental results to 
follow. Room temperature thermal conductivities of different layers of the samples are 
listed in table 5.1 from literature for similar thicknesses under discussion. The temperature
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dependence of thermal conductivities of these materials also follow a similar trend. Hence, 
it is proposed that solidification velocities of the different thicknesses under discussion are 
similar.
Figures 5.1, 5.2 and 5.3 show the Raman spectra for 100, 300 and 500 nm samples, 
crystallised with different laser energy densities. Evidence of a crystalline phase starts to 
emerge after an energy density of 100 mJcm'2 for all three thicknesses. A clear trend of 
increasing crystallanity is seen as expected from excimer laser crystallisation.
Layer Thermal Conductivity 
(Wm-'K'1)
Remarks
Coming 1737 Glass 0.9 (Corning Incorporated, 2002)
a-Si:H 1 . 0 PECVD grown (Ohsaki, 1998)
Silicon Dioxide 1 . 0 I PECVD grown (Lee, 1997)
Silicon Nitride 0 .8 PECVD grown (Lee, 1997)
Table 5.1: Room temperature thermal conductivities of different material layers o f the
samples investigated.
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Figure 5.1: Raman spectra for 100 nm thick films, at different crystallisation energy
densities.
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a-Si:H 
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5.2: Raman spectra for 300 nm thick films, at different crystallisation energy
densities.
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Figure 5.3: Raman spectra for 500 nm thick films, at different crystallisation energy
densities.
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For 100 nm samples, at 250 mJcm"2, a sharp peak is observed and this should be 
due to formation of large grains. This observation also suggests that, at 250 mJcm'2, the 100 
nm films are no longer in the partial melting regime. Evidence of the amorphous phase is 
not observed for the 250 mJcm'2 spectrum. The energy density must be large enough to 
melt the films completely, triggering SLG.
For 300 nm samples, the wide transverse optical peak of a-Si:H is evident until the 
energy density reaches 250 mJcm'2. Crystallanity seems to increase gradually, but the 
energy density is not sufficient to melt the films completely, even at 300 mJcm'2. A similar 
trend can be seen for 500 nm films, however, with lower crystalline peak intensities. The 
mixed-phase nature (Smit et al, 2001) of the laser crystallised films are clearly observed 
from the amorphous and crystalline peaks of spectra for 500 nm film thiclmess.
It is interesting to note that for all three sets of samples, the crystalline peaks occur 
a few wavenumbers below 520 cm'1 at which the peak for monocrystalline silicon is 
expected. It has been reported that the frequency and full-width half-maximum of the 
Raman peak are sensitive to stress, defects and grain size. (Kitahara et al., 1999) For 
excimer laser crystallised films, the transverse optical peak occurs a few wavenumbers 
lower than 520 cm'1. The shift in peak frequency has been attributed to phonon confinement 
(Fogarassy et al., 1993), possibly due to either one or a combination of reasons. (Kitahara et 
al., 2002) The tensile stress is considered to arise from the substrate interface to silicon thin 
film or from grain boundaries. However, it has been reported that the shift is independent of 
grain size, which suggests that the grain boundary contribution to stress is negligible. 
(Nickel et al., 2001)
Xcs of all three sets of samples were calculated from the fitted curves of Raman 
spectra. Figure 5.4 shows the variation of Xc with increasing laser energy densities. 100 nm 
film yields ~ 80 % as the highest Xc, at 250 mJcm'2. From Figure 5.4, it can be observed 
that, at this energy density, a very sharp crystalline peak is observed. However, even in 
these highly crystalline films, grain boundaries are present and it is suggested that these 
grain boundaries contribute to amorphous fraction of the films. Grain boundary 
contribution is also present for 300 and 500 nm samples, however, since these films 
crystallise in the partial melting regime, the unconverted bottom layer of a-Si:H dominates 
the amorphous contribution. The 300 nm and 500 nm samples also show the increasing 
trend, however with lower Xc, due to the inadequacy of the laser energy to melt the films 
completely through the entire thiclmess.
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Laser Energy Density (mJcm'2)
Figure 5.4: Variation of crystalline volume fractions of 100 nm, 300 nm and 500 nm 
samples estimated by Raman spectroscopy as a function of excimer laser energy density.
From these observations, it can be concluded that in order to crystallise films 
thicker than 300 nm, higher energy densities over 300 mJcm'2 are necessary. However, 
higher energy densities result in increased surface roughness, mainly due to possible 
explosive evaporation of hydrogen, which will be discussed in the latter part of this chapter.
Use of longer wavelength lasers, which will have a longer absorption depth into the films, 
will be a possible solution to melt thick films, provided the source is capable of delivering 
high energy densities as excimer lasers. (Tang et al, 2001) 350 nm XeF excimer laser 
would be a good candidate for this purpose.
5.4 Opt ic a l  Characteristics
One of the most important optical parameters for photovoltaics is the band gap 
energy (EG) of excimer laser crystallised silicon. For this analysis, since the resulting films 
after excimer laser crystallisation are mixed phase, methods used to estimate the EG for 
amorphous silicon were used. Since there is no precise location of the gap due to the band 
tail density of states decaying continuously with energy, E0 is defined in terms of 
extrapolation of bands. For the extraction of EG from optical transmission spectra, several
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models have been suggested for amorphous semiconductors. (Swanepoel, 1998) Tauc’s 
method has been the most preferred technique for the extraction of band gap of a-Si:H, 
(Street, 1991) which is given by equation 5.2 where a, h and v are absorption coefficient, 
Planck’s constant and frequency respectively. A, is a constant for the model.
a/a h  v = A t ( h v  -  E G ) (5.2)
From the plot of J a h  v vs. h v  , EG can be estimated graphically.
Figure 5.5 shows the optical transmission spectra for 100 nm thick films, along 
with the transmission spectrum for Coming 1737 glass substrate. Although the relationship 
of normal optical transmission to the absorption coefficient is simple, as given in equation
2 .1 , internal reflections makes it difficult to deduce absorption coefficients from optical 
transmission spectra. Multiple internal reflections at the interfaces of the samples have a 
significant impact on the analysis. However, for this analysis corrections were only made 
for reflections at the respective interfaces. The data was corrected for reflections from 
interfaces using the model shown in equation 5.3. (Pankove, 1971)
L o r n ,  = (l -  * 1 2  X1 “ ^ 2 3  ) .......... I1 " *(„-!)„ )eXP(" )exp(- Clgtg ) (5.3)
In this case R ir ~ R (n - i)n  are the reflection coefficients for different interfaces and a and t are 
absorption coefficients and thickness of the sample and glass denoted by subscripts s and g ,
Wavelength (nm)
Figure 5.5: Normal incidence optical transmission spectra for 100 nm thick silicon films.
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respectively. Tnorm is the normalised transmission. Reflection coefficients were calculated 
from the refractive indices of each layer using equation 5.4. (Pankove, 1971)
R  =
(  \  
n n ~ n n + \
\ n n J r n n+\ J
(5.4)
After corrections were made for internal reflections, absorption coefficients of these 100 
nm films were calculated, which were then used for Tauc’s plot. Figure 5.6 shows the 
Tauc’s plot for 100 nm films with extrapolated band gaps. At higher energy densities (150, 
200 & 250 mJcm'2), selection of regions for extrapolation on Tauc plot becomes 
increasingly difficult due to the occurrence of nonlinear regions. The nonlinear behaviour is 
assumed to be due to interference effects from the stratification. However, only the linear 
regions were used for extrapolation. Similar analyses were used for 300 and 500 nm 
samples as well.
Figure 5.7 shows the extracted optical gaps of all three sets of films from Tauc’s 
method. Film non-uniformity, angle of incidence at the measurement, errors associated with 
measuring device, effects of internal reflections and error associated with Tauc plot itself 
contribute to the uncertainty of the band gap estimation. However, only the error associated
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
Photon Energy (eV)
Figure 5.6: Tauc plot for 100 nm thick films, showing band gap estimation. Absorption 
coefficients for the films were calculatedfrom transmission spectra for the films.
a A m o rp h o u s  
a 50 m Jcm '2 
a 100 mJem'2 
a 150 m Jem '2 
a 200 m Jcm '2 
a 250 m J c m 2
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with extrapolation from Tauc plot was calculated and is shown in figure 5.7.
A direct correlation cannot clearly be seen between the three sets of samples. 
Theoretical analysis on mixed phase silicon suggests a gradual decrease of the Tauc gap 
with increasing X c. (Rotaru et al, 1999) A contradictory observation is made in the case of 
1 0 0  nm samples, where the optical gap seems to increase considerably at 1 0 0 , 150 and 2 0 0  
mJcm'2. However, at 250 mJcm 2 the band gap reduces to 1.7 eV. Similar phenomenon can 
be seen with 300 nm samples, although less significantly. 500 nm samples only show a 
very slow gradual reduction of Tauc gap.
This phenomenon is proposed to be mainly due to critical compositions of hydrogen 
in the films, which enhances the recession of valence band of a-Si:H/nanocrystalline 
silicon. Also, quantum confinement effects due to fine-grained nanocrystalline silicon layer 
could cause this phenomenon. A detailed analysis of this effect is presented in chapter six. 
The effect is less evident in the 300 nm samples, and irrelevant for the 500 nm samples 
with the discussed energy densities, due to the inadequacy of laser energy to melt films up 
to the critical depth, which in turn affects retained hydrogen in the films. It is suggested that 
results similar to those observed for 1 0 0  nm films can be obtained for thicker films, using 
excimer laser energy densities greater than 300 mJcm'2. However, it is also speculated that, 
due to the higher volumes of material involved in this case, the effect may not be as
Laser Energy Density (mJcm'2)
Figure 5.7: Band gaps o f  100 nm, 300 nm and 500 nm samples from Tauc’s method.
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prominent as the 100 nm samples. Since the films are not completely converted to 
crystalline silicon, the estimated Tauc gap is influenced by the different optical properties 
of each layer of excimer laser crystallised silicon. For photovoltaic applications, this could 
be a useful property, since the resulting material can absorb a range of photon energies. 
However, the complexities involved in transport and collection of excited carriers will have 
to be dealt with for possible exploitation of these characteristics.
5.5 D e h y d r o g e n a t i o n
Dehydrogenation occurs as a result of excimer laser crystallisation since the Si-H 
bonds (3.4 eV, Stutzmann, 1998) are broken by the energy absorbed from excimer laser 
photon (5.1 eV). Released hydrogen evaporates from the silicon melt, causing surface 
roughness. (McCulloch, 1995) Different techniques have been utilised for controlled 
evolution of hydrogen. Gaussian beam profiles used for these experiments are reported to 
be an efficient means of systematic evolution of hydrogen, due to the lower energy 
preceding edge. (Brotherton, 1994) FRS analysis was used to extract atomic percentage of 
hydrogen in all samples. Depth profiles of elements were also obtained. For 100 nm films, 
the hydrogen atomic percentage was constant throughout the film thiclmess. However, for 
300 nm and 500 nm samples, hydrogen atomic percentage varied with depth. Figure 5.8 
shows a set of depth profiles for 100 nm, 300 nm and 300 nm samples crystallised at 200 
mJcm'2 where this difference is illustrated. Figure 5.9 shows the atomic percentages of 
hydrogen (H atomic %) in the samples as a function of laser energy density obtained using 
FRS. The accuracy of the technique is reported to be within 6 %. (Boudreault et al., 2004)
Hydrogen atomic percentage of initial a-Si:H was 9.5, 8.5 and 10.5 respectively for 
100 nm, 300 nm and 500 nm samples. The small variation of initial hydrogen is expected 
due to different deposition runs. The 100 nm samples show an almost linear 
dehydrogenation pattern, removing almost all the hydrogen from the sample at 250 mJcm"2. 
For 300 nm and 500 nm samples, the graph suggests at a glance that hydrogen evolution 
starts after 100 mJcm"2 and dehydrogenates the films to a value of ~ 2% at 300 mJcm'2. 
However, a careful investigation of the FRS analysis shows two distinct layers of film with 
different hydrogen contents after irradiation above 100 mJcm"2. The trend shown in figure 
5.9 corresponds to the top layer, whereas the atomic percentage of hydrogen of the second 
layer does not change. The depth of the top layer increases with laser energy density, as 
shown in figure 5.10.
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Figure 5.8: Depth profiles o f (a) 100 nm, (b) 300 nm, and (c) 500 nm a-Si:H samples 
crystallised at 200 mJcm 2 from FRS analysis. 100 nm samples only show the initial 
three different layers. For 300 nm and 500 nm samples, laser dehydrogenation occurs 
only close to the surface, which is shown as a step change in elemental composition.
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Figure 5.9: Hydrogen atomic percentage o f 100 nm, 300 nm and 500 nm samples analysed 
by FRS. For 300 nm and 500 nm thick samples, the hydrogen percentage shown is relevant 
only to dehydrogenated layer, which is shown in Figure 5.10.
These dehydrogenated depths are similar for both 300 and 500 nm films, 
confirming that the crystallisation environment and mechanism are similar for both sets of 
films and therefore thickness independent to an extent. Since hydrogen has a significant 
influence on the electronic properties of a-Si:H, these stratified structures from excimer 
laser crystallisation have complex electronic properties, where they are governed by 
different mechanisms. If the effects of heat reaching the unconverted a-Si:H are 
disregarded, electronic properties of this layer is most likely to be similar to the initial a- 
Si:H.
However, the large-grained layer at the surface has a very high Xc and its properties 
will be governed by the ordered crystal structure, apart from the contribution of grain 
boundaries. The sandwiched, fine-grained nanocrystalline layer has the most complicated 
structure, with a considerable amount of crystallites and a similar amount of grain 
boundaries, and is the true nanocrystalline layer from the partial melting regime.
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Laser Energy Density (mJcm'2)
Figure 5.10: Dehydrogenated depth o f300 nm and 500 nm samples.
5.6 S u r f a c e  R o u g h n e s s
Significant levels of surface roughness have been a characteristic of excimer laser 
crystallisation of a-Si:H. Several parameters have been identified which influence the 
surface morphology of excimer laser crystallised silicon, as reviewed in chapter four. The 
use of a semi-Gaussian beam shape in a multiple pulse irradiation scheme reduces the 
roughness due to hydrogen evolution and keeping the irradiating atmosphere in the vacuum 
helps reduce mass transfer from the surface further. Surface roughnesses of the samples 
were extracted from a 5x5 gm2 area AFM data, as root mean square (RMS) roughness. 
Figure 5.11 shows the RMS roughness variation with laser energy density.
An increasing trend of surface roughness is evident from the measurements for all 
three thicknesses, with a slight variation in the 500 nm films. The sudden increase of 
roughness for the 500 nm films at 150 mJcm'2 can be due to 25% higher initial hydrogen 
percentage in the films (Figure 5.9) compared to 300 nm thick films. Explosive evaporation 
of this abundant hydrogen is expected to be the main reason for surface roughness to occur. 
From figure 5.9, it can be seen that for 500 nm samples, hydrogen starts to evolve from the 
top layer at 150 mJcm'-. Therefore, it is proposed that even with the optimum laser beam 
shape for hydrogen evolution, hydrogen evolution dominates the surface roughness of
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Figure 5.11: RMS roughness o f 100 nm, 300 nm and 500 nm samples measured by AFM.
excimer laser crystallised silicon. At higher energy densities, the surface of excimer laser 
crystallised silicon becomes increasingly rough. Figure 5.12 compares the SEM images a- 
Si:H and excimer laser crystallised 500 nm thick silicon at 100, 200 and 300 mJcm'2, with 
a magnification of 100,000. The imaging was done at a 52° angle to the normal of the 
sample.
Surface roughness becomes a significant issue for thin film transistor applications, 
due to uniformity related problems. However, this phenomenon does show an interesting 
potential for solar cell applications. Figures 5.13, 5.14 and 5.15 show the comparison of 
surface roughness at different laser energy densities, using cross sectional analysis of AFM 
data for 100 nm, 300 nm and 500nm samples. The cross sections were extracted from 5><5 
pm2 AFM data, and hence a horizontal distance of 5 pm. The vertical scale is kept at ± 25 
nm, for comparison. From figures 5.13, 5.14 and 5.15 it is evident that crystallisation 
energy densities above 150 mJcm " result in considerable surface roughness, yielding a 
textured surface. These textured surfaces can be efficient light scattering interfaces, which 
are highly desirable for thin film photovoltaics. This would be an attractive feature of 
excimer laser crystallisation, in the event the technique is successfully tailored for 
photovoltaic applications.
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Figure 5.12: Scanning electron micrographs o f500 nm thick a-Si:H (a) and excimer 
laser crystallised silicon films at 100 mJcrri2 (b), 200 mJcm 2 (c) and 300 mJcm' (d). The 
micrographs were made at an angle of 52° to the normal of the sample.
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Figure 5.13: Comparison of cross sectional analysis from AFM of 100 nm samples at 
different crystallisation energy densities.
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Figure 5.14: Comparison o f cross sectional analysis from AFM o f300 nm samples at 
different crystallisation energy densities.
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Figure 5.15: Comparison of cross sectional analysis from AFM o f500 nm samples at 
different crystallisation energy densities.
7 4
Thickness Dependence o f  Properties o f Excimer Laser Crystallised Silicon
5.7 D a r k  C o n d u c t i v i t y
Room temperature dark conductivities of the samples were calculated from current- 
voltage measurements. Figure 5.16 shows the variation of dark conductivity with laser 
treatment. The conductivities of initial a-Si:H are of the order of lxl O'10 Scm'1 for 100 nm 
and 300 nm samples, whereas for the 500 nm samples it is an order of magnitude higher. 
The dark conductivities of a-Si:H prepared by PECVD are highly sensitive to process 
parameters. (Goldie, 1998) It is proposed that 500 nm initial a-Si:H films are better quality 
material due to adequate hydrogen passivation of dangling bonds, with its relatively higher 
hydrogen atomic %. Dark conductivities increase rapidly with excimer laser crystallisation 
for all three sets of samples, with the values increasing with a similar trend as the laser 
energy density is increased. The 500 nm samples show a smaller increase compared to 100 
nm and 300 nm samples. This is proposed to be due to the amorphous phase dominating 
from the thick non-melted layer underneath, compared to 100 nm films. Although dark 
conductivities increase and start to show trends of saturation, similar work previously 
reported shows an increase of conductivities up to 1 Scm'1 for phosphorus doped a-Si:H. 
(Winer et ah, 1990) Higher conductivity from excimer laser crystallised silicon has been the 
most desirable feature for thin film transistor applications, with the higher conductivities 
caused by increased mobility of the material. The increase in mobility is suggested to be 
due to formation of crystallites after crystallisation. However, another possibility is the 
effects of grain boundaries on carrier transport, which may enable hopping conduction. 
Conductivity can also be enhanced by addition/activation of impurities during excimer laser 
crystallisation. It is proposed that this is not significant for the films under discussion as 
they were not intentionally doped and bulk impurity addition is insignificant at the base 
pressure used for crystallisation.
It is stated that the dark conductivity should be less than lxl O'10 Scm'1 and 
photoconductivity should be greater than lx l O'5 Scm'1 (Schropp, 1998) for device quality 
amorphous and microcrystalline silicon, in the context of photovoltaics. Grain boundary 
passivation using hydrogen has been reported as an effective means of reducing the density 
of states in the gap (Nickel et al., 1997), which may improve photoconductivity of the 
material. The increased mobilities can effectively be used to realise desirable junction 
properties as well. Doped a-Si:H is reported to yield very high conductivities (Winer et al., 
1990), which can be useful for good ohmic contacts.
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Figure 5.16: Dark conductivities o f 100 nm, 300 nm and 500 nm samples with laser
energy density.
5.8 S u m m a r y
The thickness dependence of structural, optical and electrical properties of excimer 
laser crystallised silicon under a partial melting regime was investigated. The achievable 
level of Xc was determined, after determining appropriate parameters for estimation of Xc. 
Xc increases with the increase of crystallisation energy density. However, for films thicker 
than 1 0 0  nm, the evidence of amorphous phase is always observed, and crystalline volumes 
are lower. It is concluded that it is not possible to convert a-Si:H films thicker that 300 nm 
completely to polycrystalline silicon at this wavelength, without utilising laser energy 
densities in excess of 300 mJ/cm‘2. Stratification of 300 nm and 500 nm films under a 
partial melting regime was confirmed from FRS analysis, based on the hydrogen depth 
profiles. The presence of different levels of hydrogen in different sized crystallite layers is 
suggested to be resulting in different optical and electronic properties in each layer. Hence, 
this structure is identified as a potential multi-photon absorber, provided the complexities in 
transport and collection are solved. The surface roughness due to excimer laser 
crystallisation is proposed as a low cost surface texturing mechanism for photovoltaic 
applications. Dark conductivities of the films increases upon excimer laser crystallisation, 
and grain boundary passivation with hydrogen is suggested to be a potential remedy for 
improvements, which needs further investigations.
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6  B a n d  G a p  E n h a n c e m e n t  o f  E x c i m e r  
L a s e r  C r y s t a l l i s e d  S i l i c o n
6.1 I nt ro d uc t io n
Excimer laser crystallisation was used to crystallise 100 nm thick a-Si:H films on 
silicon dioxide-capped glass substrates, using the partial melting regime. The resulting 
films show a stratified microstructure with a high crystalline volume fraction as established 
by Raman spectroscopy. An energy window for the excimer laser energy flux used to 
irradiate the films can be identified to produce stratified nanoerystalline silicon with a band 
gap energy of ~ 2.2 eV. This value is greater than that of amorphous or crystalline silicon 
and is contrary to reported theoretical analysis on mixed phase silicon thin films. In this 
chapter, this phenomenon is studied in detail based on structural characterisation 
techniques.
6.2 E x p e r i m e n t a l  Details
The initial a-Si:H films were deposited using 13.56 MHz PECVD, with 10% 
atomic hydrogen. Substrates used were 0.7 mm thick Coming 1737 glass covered with a 
100 nm silicon nitride layer followed by a 400 nm silicon dioxide layer. A second set of 
samples comprising of 100 nm thick a-Si:H layer, grown on glass substrates was used to 
verify optical absorption data. The samples were crystallised in a vacuum of base pressure 
0.0133 Pa. The scanning speed for the experiment was 2.5 mms'1, with a pulse repetition 
rate of 50 Hz which yielded a multiple pulse irradiating scheme with a pulse density of 200 
at a given spot. 5% overlap was used between two scan lines. Laser energy densities from 
50 to 250 mJcm'2 in steps of 50 mJcm"2 were used for crystallisation. In order to verify the
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results, 100 nm thick a-Si:H  on glass substrates were crystallised with similar conditions, at 
a vacuum of 0.1333 Pa base pressure.
6.3 Band Gap Energy
Band gap energy (EG) of excimer laser crystallised silicon films were estimated 
using Tauc’s method as given by equation 5.2. hi Tauc’s method, it is assumed that band 
edges are parabolic and the momentum matrix elements are constant. Cody et al. (1981) 
proposed a similar analysis for parabolic band edges, but with constant dipole matrix 
elements. Equation 6.1 is a simplified mathematical model of Cody’s method for optical 
gap calculation. (Rotaru et al., 1999)
Klazes proposed a different formula for the calculation of Ea which is given by equation 
6.2.
\ jn a h  v = A k (hv  -  E G ) (6.2)
For all models a, h, v and n are absorption coefficient, Planck’s constant, frequency and 
refractive index respectively. Ac and Ak are constants for each model. If  the edges of the 
valence and conduction bands depend linearly on the energy and momentum is not 
conserved in optical transitions, Klazes’ model is known to be a better approximation for 
Eg. Cody’s method is known to yield lower values compared to Tauc’s method. The optical 
transmission spectra were analysed using all three methods for comparative purposes. 
Although the uncertainty of the values is high, as mentioned in chapter five, they can be 
used effectively to analyse the trends observed. The calculations were performed as detailed 
in chapter five, under optical characteristics.
Figure 6.1 shows the EG variation with excimer laser energy density, for all three 
models of band gap evaluation. It can be seen that for films crystallised at 150 mJcmf2 &  
200 mJcnf2, the optical gap has been enhanced. The values obtained for a-Si:H, which is 
around 1.8 eV from Tauc’s method, agrees well with the available literature on P E C V D  
grown a-Si;H. (Swanepoel, 1998) Presence of a maximum optical gap is evident from all 
three analyses, with a maximum Tauc gap of 2.2 eV at 200 mJ/cnf2 laser treatment. With a 
laser energy density of 250 mJcm"2, the gap seems to relax back to lower values.
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Laser Energy Density (mJcm 2)
Figure 6.1: O ptica l g a p  varia tion  o f  excim er la ser  crys ta llised  silicon  as a  fun ction  o f  
the la ser  energy density, ca lcu la ted  after correction s f o r  reflections a t interfaces.
Theoretical analysis on mixed phase silicon suggests a gradual decrease of Tauc’s 
gap with the increase of X -  (Rotaru et al., 1999) However, from figure 6.2, it can be seen 
that, films showing higher band gaps also show comparatively higher crystalline volume 
fractions as well and hence contradicts this theoretical analysis. This apparent contradiction 
has been previously reported for P E CV D  grown nc-Si:H, (Hazra & Ray, 1999) which has a 
homogeneous nanocrystallite distribution compared with the films under discussion which 
have stratified structures.
6.4 Structural Analysis
In order to investigate the structure of these films further, cross sectional TEM  was 
used. Figure 6.3 is a TEM  image of the initial a-Si:H. Figure 6.4 shows the TEM  image of 
the excimer laser crystallised film at an energy density of 150 mJcm'2. At this energy 
density, the films undergo crystallisation in the partial melting regime, resulting in a 
stratified structure. Figure 6.4 illustrates the stratified nature of the film clearly, with a 
large-grained layer of about 50 nm deep from the laser irradiated surface, followed by a 
layer of very fine nano-crystals. Although there could be a thin layer of unconverted a-Si:H,
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Figure 6.2: C rysta llin e volum e fra c tio n s  a n d  hydrogen  atom ic p ercen ta g es o f  excim er  
la se r  crys ta llised  100 nm th ick  silicon  fro m  Ram an S pectroscopy a n d  F o rw a rd  R ecoil
Spectrom etry.
it is suggested that the bulk of the amorphous contribution from these films are by grain 
boundaries.
Since incorporation of oxygen into the films during laser irradiation may influence 
the optical properties of the material, in order to investigate the distribution of oxygen in 
and around the underlying silicon dioxide layer, EELS was performed on the same sample 
used for TEM  analysis. Figure 6.5 shows the energy-filtered transmission electron 
micrographs from EELS for oxygen and silicon, in the vicinity of silicon dioxide and 
nanocrystalline silicon interface. According to the micrographs, diffusion of oxygen from 
silicon dioxide layer to a-Si:H/crystallised silicon during excimer laser crystallisation is 
insignificant. Figures 6.6 and 6.7, which are oxygen and silicon profiles from EELS for 
excimer laser crystallised silicon sample, illustrate this conclusion clearly, compared with 
figures 6.8 and 6.9 which are the same profiles for a-Si:H samples. Hence, it is suggested 
that the enhancement of the band gap is due to the change of the structure of the silicon 
upon laser crystallisation, rather than an impurity variation.
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Figure 6.3: Transm ission electron  m icroscop ic  im age o f  in itia l a-Si:H. W hite a rrow  p o in ts  a t 
the irrad ia tin g  surface a n d  b lack  dou ble a rrow  dem arcates the f ilm  thickness.
Figure 6.4: Transm ission electron  m icroscop ic  im age o f  excim er la ser  crys ta llise d  silicon  at 
150 m J c m 2. W hite a rrow  p o in ts  a t the irrad ia tin g  surface an d  b lack dou ble a rrow  dem arca tes
the f ilm  thickness.
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Figure 6.5: E n ergy-filtered  transm ission  electron  m icrographs o f  (a) oxygen a n d  (b) 
silicon  a t the silicon -silicon  d iox ide in terface o f  excim er la ser crys ta llise d  silicon  a t 150  
m J c m 2 o b ta in ed  fro m  electron  en ergy loss spectroscopy.
6.5 Discussion
Excimer laser annealing is tailored for systematic evolution of hydrogen from a- 
Si:H, and films with higher crystalline volumes are expected to have low hydrogen 
contents. Atomic percentages of hydrogen in the excimer laser crystallised silicon obtained 
from FRS is shown in figure 6.2. It can be seen that, hydrogen content in the films with 
highest band gap has reduced to ~ 2 % .
The Tauc gap of undoped a-Si:H has been concluded to be linearly increasing with 
hydrogen content in a-Si:H. (Kaniadakis, 1989) This was attributed mainly to recession of 
the valence band edge due to replacement of Si-Si bonds by Si-H bonds. The Si-H bonds 
are said to move states from top of valence band to levels deep inside. Also, presence of 
dangling bonds reduces the bonding charge associated with valence states, making 
recession more prominent for all the atoms in the matrix. (Ley, 1998) Von Roedem et al. 
(1979) showed that this recession can be as high as 1 eV for amorphous silicon.
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Figure 6.6: Profile o f  oxygen m ap fro m  EELS analysis a t the silicon  d iox ide an d  
excim er la ser  c rys ta llise d  silicon  interface.
Figure 6.7: P rofile o f  silicon  m ap fro m  EELS analysis a t the silicon  dioxide an d  
excim er la ser cry s ta llise d  silicon  interface.
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Figure 6.8: P rofde o f  oxygen m ap fro m  EELS an alysis a t the silicon  d iox ide a n d  a -S i:H
interface.
Figure 6.9: P rofde o f  silicon  m ap fro m  EELS an alysis a t the silicon  d iox ide a n d  a-S i:H
interface.
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Laser Energy Density (mJcm'2)
Figure 6.10: O ptica l g a p  varia tion  o f  100 mn excim er la ser crys ta llise d  silicon  on g la ss  
as a  fu n ction  o f  the la ser  energy density.
In this experiment, if the remaining hydrogen content after crystallisation is 
distributed homogeneously throughout the film, Tauc gap should reduce from its initial 
value of 1.8 eV. This homogeneous distribution of remaining hydrogen is highly unlikely, 
due to the presence of large crystallites at the top layer. Therefore, the bulk of the 
remaining hydrogen must be associated with the grain boundaries and with the veiy thin 
unconverted layer of a-Si:H at the bottom. This must result in higher effective hydrogen 
content in the grain boundaries, replacing a large number of silicon atoms. Since the 
recession of the valence band is explained to be due to both the stronger Si-H  bonds and the 
reduction of bonding charge associated with the valence states, films under discussion must 
have a critical composition of hydrogen from 150 mJcm'2 to 200 mJcm*2 resulting in 
enhanced optical gaps.
The other possibility for the band gap enhancement would be quantum confinement 
effects due to the presence of a fine-grained nanocrystalline layer. The small crystallites 
may result in higher energy states due to confinement, since the crystallite size is around 
five nanometres, as shown in figure 6.4.
The band gaps of excimer laser crystallised silicon on coming 1737 glass without 
silicon nitride and silicon dioxide layers were estimated using Tauc’s, Cody’s and Klazes’
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models. This supplementary experiment was done in order to verify the results discussed 
above, and the results are in perfect agreement. Figure 6.10 shows the plot of band gaps vs. 
crystallisation energy density. However, the energy window associated with a-Si:H on glass 
is shifted to lower values where the maximum Tauc gap of 2.2 eV is observed at 100 
mJ/cm'2. The lowering of energy density at which the band gap enhancement occurs due to 
a few possibilities. Since these films had been deposited with separate deposition runs, the 
properties of the a-Si:H films on glass is expected to differ from the first batch. The higher 
vacuum used for the verifying experiment and the difference in substrate assembly also 
contribute to change the required energy density. Thermal properties of the experiment 
change due to these factors, from the initial experiment, which can result in lowering the 
threshold for melting. Also, the films used initially are 130 nm thick, measured from TEM , 
compared with the nominal 100 nm thickness. The second set is also 100 nm thick 
nominally, however, cross sectional TEM  is necessary for verification.
6.6 Summary
Stratified nanocrystalline thin silicon films were produced by excimer laser 
crystallisation with higher optical gaps compared to initial a-Si:H. It was confirmed that 
this band gap enhancement is associated with a physical parametric change, rather than an 
impurity variation. The enhancement is proposed to arise from the relative hydrogen 
content variation in the matrix and/or quantum confinement effects of small nano­
crystallites embedded in the fine-grained nanocrystalline layer. Potential applications 
involve electronic applications and solar cells, for which application specific 
characterisation is necessaiy.
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7  E f f e c t s  o f  P o s t - C r y s t a l l i s a t i o n  
H y d r o g e n a t i o n
7.1 Introduction
The presence of grain boundaries arising in excimer laser crystallised silicon from 
any of the three crystallisation regimes has been well established. Grain boundaries are 
known to introduce states into the mobility gap, act as recombination states for excited 
carriers, and hence reduce the diffusion length of carriers in the bulk of the material. 
Hydrogen passivation of multicrystalline silicon for improvements in diffusion length is 
well known. (Martinuzzi &  Pizzini, 1994) Use of hydrogen passivation for improvement of 
electrical properties of polycrystalline silicon has also been reported. (Nickel et al., 1993, 
1997) Properties of excimer laser crystallised silicon has also been investigated upon 
hydrogen passivation, however for thin films of 100 nm and at high energy densities in the 
vicinity of SLG  regime. In this section, the effects of post hydrogenation on crystalline 
volume, Tauc gap and dark conductivity of excimer laser crystallised silicon from the 
partial melting regime is investigated.
7.2 Experimental Details
100 nm and 300 nm thick initial a-Si:H samples were P E C V D  deposited on 0.7 mm 
thick Corning 1737 glass covered with a P E C V D  grown 100 nm silicon nitride layer, with 
1 0 %  nominal atomic percentage of hydrogen. The 100 nm thick samples had an additional 
400 nm P E C V D  grown silicon dioxide layer between the silicon nitride layer and a-Si:H  
layer. A ll samples were intrinsic (non-intentionally doped) and deposited at 250 °C.
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A 10x4 mm2 homogenised, semi-Gaussian beam profile was used for 
crystallisation with a scanning speed of 2.5 mms'1 along with a pulse repetition rate of 50 
Hz, resulting in a multiple pulse irradiation scheme with a pulse density of 200 at a given 
spot. The overlap between two scan lines was kept at 5 %  of the beam width. A series of 
laser energy densities was used for the crystallisation from 50 to 300 mJcm'2, in steps of 50 
mJcnf2. Films were crystallised in vacuum at a base pressure of 0.1333 Pa.
After crystallisation a set of samples was hydrogenated by annealing in a flow of 
hydrogen at 400 °C  for 30 minutes. The process pressure was kept at 1333 Pa. (Martinuzzi 
& Pizzini) In order to compare the effects from annealing alone, another set of samples was 
annealed in vacuum (0.1333 Pa) for the same duration. The samples were investigated 
using Raman spectroscopy, UV-visible transmission and conductivity measurements.
7.3 Effect on Crystalline Volume
X c of samples were determined for each sample set, 100 nm and 300 nm, using 
Raman spectroscopy. Three sets of samples were investigated for each thickness; excimer
Laser Energy Density (mJcm'2)
Figure 7.1: C rysta llin e volum e fra c tio n s  o f  100 nm thick silicon  film s, excim er laser  
crys ta llise d  (ELC), an n ea led  a t 400  °C  in vacuum  after excim er la ser  crysta llisa tion  
(ELC/AV) an d  h ydrogen  p a ss iv a te d  a t 400  °C after excim er la ser  crysta llisa tion  
(ELC/AH).
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Figure 7.2: C rysta llin e volum e fra c tio n s  o f  300  nm thick silicon  film s, excim er laser  
crys ta llise d  (ELC), an n ea led  a t 400  °C  in vacuum  after excim er la ser  crysta llisa tion  
(ELC/AV) a n d  hydrogen  p a ss iv a te d  a t 400  °C  after excim er la ser  crysta llisa tion  
(ELC/AH).
laser crystallised, annealed in vacuum after excimer laser crystallisation and hydrogen 
passivated at 400 °C . Figures 7.1 and 7.2 illustrate the variations of X c for 100 nm and 300 
nm samples at different crystallisation energy densities.
From figure 7.1 it can be seen that, crystalline volume fractions marginally increase 
upon annealing at 400 °C . This observation is expected upon furnace annealing, since 
smaller grains in the material can merge slowly and re-crystal Use in solid phase, depending 
on the annealing temperature and duration. For hydrogenated samples, X c shows a similar 
behaviour to the samples annealed in vacuum. However, from figure 7.2, for 300 nm 
samples a significant change is not observed.
Considering the maximum error in the estimation of X c, which was calculated to be 
6 % , it is concluded that the effect on crystalline volume from incorporation of hydrogen 
alone is insignificant.
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7.4 Effects on Tauc Gap
Tauc gaps of samples were estimated, after corrections for reflections at the 
interfaces, for all three sets of each thickness. Figures 7.3 and 7.4 show the Tauc gap 
variation at different crystallisation energy densities for 100 nm and 300 nm films.
The initial 100 nm thick a-Si:H films used for hydrogenation investigations were 
identical to the a-Si:H samples used for band gap enhancement analysis, which was 
discussed in detail in chapter six. The existence of an energy window which yields an 
enhanced band gap is confirmed from this experiment as well. The 100 nm films undergo 
partial melting and crystallises below 200 mJcmcrystallisation energy density. For these 
partially melted and crystallised films, a significant difference between as laser crystallised, 
annealed and hydrogenated films is not observed. Above 200 mJcm:, the values of band 
gap fluctuate, making it difficult to draw conclusions. However, the crystalline volumes of 
these samples are ~ 9 5 %  (Figure 7.1) and therefore the amorphous contribution is very 
small. The applicability of Tauc’s method for these samples may also be arguable. The 
surface roughness is expected to be very high, as discussed in chapter five, especially after 
250 mJcm “. For 300 nm films, which undergo partial melting, the sporadic fluctuation is
Laser Energy Density (mJcm'2)
Figure 7.3: Tauc G aps o f  100 mn th ick  silicon  film s, excim er la ser  crys ta llise d  (ELC), 
a n n ea led  a t 400 °C in vacuum  after excim er la ser  crysta llisa tion  (ELC/A V) a n d  hydrogen  
p a ss iv a te d  a t 400 °C  after excim er la ser  crysta llisa tion  (ELC/AH).
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Figure 7.4: Tauc G aps o f  300  nm th ick silicon  film s, excim er la ser  crys ta llised  (ELC), 
an n ea led  a t 400  °C in vacuum  after excim er la ser  crysta llisa tion  (ELC/A V) a n d  hydrogen  
p a ss iv a te d  a t 400  °C after excim er la ser  crysta llisa tion  (ELC/AH).
also observed. However, the percentage fluctuation is small, in the order of 5 % ,  which may 
very well can be attributed to errors associated with Tauc gap estimation. It is concluded 
that for partially melted films, significant effects are not observed on Tauc’s gap, upon 
hydrogenation.
7.5 Effects on Dark Conductivity
Dark conductivities of all samples were calculated using equation 4.1, from coplanar 
current-voltage measurements performed at room temperature. The conductivity values 
were averaged over a number of devices for each sample, to have a more representative 
value, compared with the local fluctuations observed depending on the location of the 
electrodes with respect to laser pulse. Figures 7.5 and 7.6 show the dark conductivity 
variation at different crystallisation energy densities for 100 nm and 300 nm films. For both 
100 nm and 300 nm films, samples after hydrogen passivation show increased dark 
conductivities.
100 150 200 250 300
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Below 100 mJcm"2, both films show better conductivities for excimer laser treated 
films compared with annealed or hydrogenated films after crystallisation. This observation 
is attributed to the largely amorphous nature of the films at these lower energy densities. 
The laser energy densities are only capable of surface dehydrogenation at these low 
energies, without a significant effect on microstructure. Only a thin layer of changes are 
expected, which result in better electrical transport compared with a-Si:H.
Annealing in vacuum results in dehydrogenation further, degrading the electrical 
properties. Hydrogenation of these films does not seem to improve the properties. 
However, after 100 mJcm'2, the films start to melt and solidify to a significant depth, 
turning into nanocrystalline silicon. Grain boundaries are formed in the process, 
introducing states into the forbidden gap. Annealing in vacuum results in improving the 
crystalline volume as seen from Raman spectroscopy, (Figures 7.1 and 7.2) however, the 
improvement is less significant for dark conductivities from annealing alone. The dark 
conductivities of samples crystallised above 100 mJcm"2 and hydrogenated show a definite 
increase compared with excimer laser crystallised samples and samples annealed after 
eximer laser crystallisation. An improvement of the dark conductivity of about an order of 
magnitude is observed.
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Figure 7.5: Dark conductivities o f  100 nm thick silicon films, excimer laser crystallised 
(ELC), annealed at 400 °C in vacuum after excimer laser crystallisation (ELC/AV) and 
hydrogen passivated at 400 °C after excimer laser crystallisation (ELC/AH).
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Figure 7.6: Dark conductivities o f 300 nm thick silicon films, excimer laser crystallised 
(ELC), annealed at 400 °C in vacuum after excimer laser crystallisation (ELC/AV) and 
hydrogen passivated at 400 °C after excimer laser crystallisation (ELC/AH).
7.6 Summary
Post dehydrogenation effects on excimer laser crystallised silicon was investigated 
using Raman spectroscopy, optical transmission spectroscopy and dark conductivity 
measurements. Furnace annealing in hydrogen was employed as the method of 
hydrogenation. Furnace annealing alone results in improved crystalline volumes of excimer 
laser crystallised silicon. Hydrogenation has the same effect on crystalline volume and is 
argued to be due to annealing rather than addition of hydrogen. For 100 nm thick films, the 
enhanced band gaps as discussed in chapter six is seen, however with no significant 
difference between as laser crystallised, annealed and hydrogenated samples. For 300 nm 
samples, a significant change in Tauc gap is not observed between as laser crystallised, 
annealed and hydrogenated samples as well. Therefore, it was concluded that effects on 
Tauc gap is negligible from post crystallisation hydrogenation. Dark conductivities of 
excimer laser crystallised silicon increase upon hydrogenation, for films undergoing 
crystallisation above the threshold energy density for surface melting.
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8  S c h o t t k y  B a r r i e r  S o l a r  C e l l s
8.1 Introduction
Excimer laser crystallisation is used to produce nanocrystalline thin film silicon 
Schottky barrier solar cells in a superstrate configuration on glass with ITO as a front 
contact and chromium as back contact. Intrinsic layers of the devices were crystallised 
using excimer laser with different laser energy densities, before device fabrication. The 
chapter discusses detailed analysis of utilisation of these very thin, stratified nanocrystalline 
silicon thin films as an absorber layer in Schottky barrier solar cells. The devices are 
characterised with Raman spectroscopy, optical transmission spectroscopy and incidence 
photon conversion efficiency (IPCE) measurements and finally performance of the devices 
under simulated sunlight is evaluated.
8.2 Experimental Details
Initial PECVD a-Si:H films, 150 nm and 300 nm thick, were deposited on 0.7 mm 
thick Corning 1737 glass covered with a 100 nm thick ITO layer. The films were 
crystallised using a 4x10 mm2, semi-Gaussian excimer laser beam, with the scanning speed 
at 2.5 mms"1 with a pulse repetition rate of 50 Hz. Overlap between two scan lines were 
kept at 5%. The pulse density at a given spot was 200 for this multiple pulse irradiating 
scheme. A series of laser energy densities on each set of samples, 40 to 160 mJcm"2, in 
steps of 20 mJcm'2 for 150 nm films and 40 to 200 mJcm'2, in steps of 40 mJcm'2 for 300 
nm films. The maximum crystallisation energies were determined to be the values at which 
ablation was initialising. Films were crystallised in vacuum at a base pressure of 0.1333 Pa. 
After crystallisation, the films were characterised using Raman spectroscopy, optical 
transmission measurements and AFM.
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J . n+ a-Si:H
Excimer Laser Crystallised Silicon
Glass Superstrate (Corning 1737)
Figure 8.1: Schematic of Schottky barrier solar cells with excimer laser cystallised silicon.
Chromium back contacts were made to the films, after depositing a heavily doped 
(~ 50 nm) thin layer of n-type a-Si:H (n" a-Si:H) using PECVD. Circular chromium 
contacts were evaporated through a shadow mask with diameters 500 pm, and n-type a- 
Si:H layers surrounding chromium contacts were etched using a plasma etch, to reduce 
leakage currents to a minimum. Figure 8.1 shows a schematic diagram of the structures 
under discussion.
It should be noted that the presence of thin oxide layers between excimer laser 
crystallised silicon and n~ a-Si:H layer, and between a-Si:H and chromium back contact 
is possible. Although crystallisation is done in vacuum, the amount of oxygen available 
when the films are melted with excimer laser should be adequate to create a thin oxide 
layer. Oxide formation between n~ a-Si:H and chromium back contact is less prominent 
which occurs due to vacuum break.
8.3 Material Characteristics
Xc of the excimer laser crystallised films were calculated from Raman spectra. 
Figure 8.2 shows the variation of Xcs of crystallised silicon with increasing laser energy 
density for 150 nm and 300 nm films. The 150 nm films yield films with high crystalline 
volume fractions with a maximum value at 60%. For 300 nm films, utilised energy density 
is inadequate to melt 300 nm thick films considerably and results in lower Xcs. Hence, it is
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Laser Energy Density (m Jcm '2)
Figure 8.2: Variation o f crystalline volume fraction o f  excimer laser crystallised silicon 
with laser energy density fo r  150 nm and 300 nm films.
concluded that films undergo partial melting during these irradiations and results in 
stratified structures. At 40 mJcm’2 both 150 nm and 300 nm films do not show any 
crystalline peaks and hence no crystalline volumes. However, at the following energy 
density a small fraction of crystallites is formed. Therefore, it is suggested that 40 mJcm'2 is 
the threshold energy density for the films to melt.
Optical transmission measurements were corrected for reflections at different 
interfaces of the thin film assembly on glass as discussed in chapter five, and used to extract 
band gap energy using Tauc’s method. Since the stratified structure results in three different 
layers of silicon which are expected to have different optical properties, the absorption 
measurements consist of information from all the layers. Figure 8.3 illustrates the change of 
Tauc gap at different crystallisation energy densities. It can be seen that, for 150 nm films, 
the influence of amorphous fraction is minimal at laser energy densities above 140 mJcm'2, 
from the relatively lower band gap energies compared with initial a-Si:H. However, for 300 
nm films the amorphous phase influence is significant due to comparatively lesser 
crystalline volumes. The optical gaps for 300 nm films are therefore higher, comparable to 
a-Si:H.
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Figure 8.3: Tauc gap variation o f  excimer laser crystallised 150 nm and 300 nm samples as a
function o f  the laser energy density.
Laser Energy Density (m Jcm '2)
Figure 8.4: Root mean square surface roughness estimated using atomic force microscopy 
fo r  the excimer laser crystallised silicon as a function o f  the laser energy density fo r 150 nm
and 300 nm films.
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RMS roughness of crystallised surfaces was estimated using AFM, before the 
device fabrication process. Figure 8.4 shows the RMS roughness variation with increasing 
laser energy densities. For the 150 mn films, the roughness starts to increase significantly 
after 120 mJcm'2, which is capable of melting a significant portion of the film. For 300 nm 
films, same trend is seen, however with the sudden increase of roughness occurring at 160 
mJcin2, which is due to twice the thickness as the 150 nm films.
RMS roughness estimation was done in order to be able to analyse possible light 
trapping aided improvements in device efficiency, which would be observed at the 
photovoltaic characterisation.
8.4 Electronic Characteristics
Figure 8.5 and 8.6 show the current-voltage characteristics of 150 nm and 300 nm 
cells respectively. For 150 nm thick cells, the rectifying behaviour of the device is lost after 
120 mJcm"2 crystallisation energy density. This is suggested to be due to considerable 
structural changes from laser crystallisation, which changes the junction properties from a 
Schottky barrier configuration to a near ohmic contact.
Also, crystalline volume fractions of these cells are comparatively high, (Figure 
8.2) which suggests increased amount of grain boundaries. 150 nm cells fabricated at and 
above 120 mJcm"2 show a slightly higher reverse current, which suggests rectifying 
behaviour. This observation is expected to be due to the effect of back contact Schottky 
barrier between n+ a-Si:H layer and chromium contact, which is expected to be a tunnelling 
barrier. For 300 nm cells, destruction of the Schottky barrier is not observed. In these 
devices, significant thickness of a-Si:H is unconverted, hence the barrier between ITO and 
a-Si:H is preserved.
8.4.1 Schottky Barrier Height Determination
a-Si:H Schottky barriers are reported to be dependent on several aspects of the 
device, apart from the well known dependence on the work functions of the metal and the 
semiconductor in contact. (Fortunato and Martins, 1997) Surface finishing and existence or 
non-existence of a native oxide is one of these aspects. The barrier is also said to be 
dependent on the shallow and bulk density of states as well as charges associated with 
localised states in the gap.
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Figure 8.5: Dark current-voltage characteristics o f 150 nm thick intrinsic layer Schottky
barrier cells.
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Figure 8.6: Dark current-voltage characteristics o f 300 nm thick intrinsic layer Schottky
barrier cells.
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Several methods are used to determine barrier height. (Sze, 1981) Out of these, activation 
energy measurement has the advantage of not making any assumptions on the electrically 
active area of the device. The method utilises the current density-voltage characteristics of 
the Schottky barrier and its temperature dependence. The current density-voltage 
relationship for a Schottky diode is given by equation 8.1.
J  = A**T2 exp B n
kT
exp q y B
nkT
-1 (8.1)
Here, A** is the effective Richardson constant and (f)Bn is the barrier height, n is the ideality 
factor for the diode and all other symbols have their usual meanings.
For larger voltages, if equation 8.1 is multiplied by electrically active area Ae, 
equation 8.2 can be deduced where q(<f>Bn —VF) is the activation energy.
ln (8.2)
For temperatures between 273 K to 373 K, A and (/>Bnare temperature independent and
Laser Energy Density (mJcm'2)
Figure 8.7: Zero bias barrier height calculated from activation energy methodfor 150 nm 
and 300 nm intrinsic layer Schottky barrier cells.
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for a given bias, (j) Bn can be determined from the gradient of the plot of ln vs.
T
Figures 8.7 shows the zero bias barrier heights extrapolated from the plot of barrier height 
vs. forward bias voltage, for 150 nm and 300 nm Schottky barrier solar cells. The error 
associated was taken to be the error at the extrapolation for the zero bias barrier height. The
the a-Si:H, which has veiy poor transport properties. However, for all the other devices 
analysed, the barrier height is around 0.7 eV, which is the expected value for an ITO/a-Si:H 
Schottky barrier, which also confirms the partial melting of the intrinsic layer, without 
changing the ITO/a-Si:H interface.
8.4.2 Unconverted a-Si:H Thickness Estimation
In order to formulate the band structure of the devices under discussion, the 
thickness of the unconverted layer of a-Si:H is important. Although, the best technique to 
estimate this layer thickness is cross sectional TEM, a tunnelling effective mass technique 
was used for a rough estimation, purely due to its simplicity. It has been shown that for a- 
Si:H, the total reverse current at high electric fields is sensitive to effective mass. The total 
current is said to rise almost exponentially with electric field and is given by equation 8.3. 
(Shannon & Nieuwesteeg, 1993)
In equation 8.3, a is known as the effective tunnelling constant measured in 
nanometres, (j)R is the barrier height, A* is the Richardson constant and Es is the electric 
field at the surface. All other symbols have their usual meanings. If we assume that the
total electric field drops across the unconverted a-Si:H layer, Es becomes V/t, where V is the 
applied voltage to the device terminals and t is the thickness of a-Si:H layer. With room 
temperature current-voltage measurements of the Schottky diodes, t can be found by taking 
the partial derivative of the natural logarithm of current density J, provided that a is known, 
a has been reported to be insensitive to potential profile for a-Si:H Schottky barriers, and 
for this study, the estimation was taken to be 3.5 nm. (Shannon & Nieuwesteeg, 1993)
barrier heights calculated for a-Si:H Schottky barrier diodes show veiy low values for both 
150 and 300 nm intrinsic layer cells. This is proposed to be mainly due to intrinsic nature of
J  = A*T2 qxp ~ — (<j>B +aEs)
kT
(8.3)
excimer laser crystallised silicon layer is highly conductive compared to a-Si:H and the
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Figure 8.8: Estimated, unconverted a-Si:H thicbiess from the ITO contact for the 
Schottlcy barrier solar cells o f 150 nm and 300 nm intrinsic layer.
Figure 8.8 shows the estimated, unconverted a-Si:H thickness from the ITO contact 
for the Schottky barrier solar cells of 150 nm and 300 nm intrinsic layer. The estimated 
thicknesses suggest a linear dependence on the crystallisation energy density used. Both 
150 nm and 300 nm devices show an over-estimation of ~ 10% of the initial a-Si:H 
thickness. This is expected to be due to the associated assumptions of the technique, which 
suggests that results are better suited for comparative purposes, discussed with the whole 
series of laser energy densities used.
8.4.3 Electronic Band Structure
Based on the above findings, disregarding the possible oxide layers, the electronic 
band structure of the devices was formulated. Figure 8.9 shows the proposed common band 
structure for the two sets of devices under discussion. The large-grained nanocrystalline 
silicon (nc-Si:H) layer at the laser irradiated surface is assumed to have lower optical gap 
compared to the fine-grained nc-Si:H layer sandwiched between this and the unconverted a- 
Si:H. The fine-grained nc-Si:H layer is expected to have a lower optical gap to a-Si:H. With 
the work function of ITO approximately 4.7 eV, (Park et al., 1996) and electron affinity of
Laser Energy Density (m Jcm-2)
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Figure 8.9: Proposed band structure o f excimer laser crystallised silicon Schottky barrier
cells.
a-Si:H approximately 4 eV, it is suggested that the a-Si:H makes a Schottky contact to the 
ITO front contact. (Kanicki, 1988)
The heavily phosphorous doped a-Si:H layer makes a considerable, but very thin 
barrier, so that carriers tunnel through, resulting in a low resistance back contact.
8.4.4 Incident Photon Conversion Efficiency
IPCE of each cell was calculated without bias light initially, from 300-800 nm 
wavelengths. Figure 8.10 (a) and 8.11 (a) show the IPCE plots for 150 nm cells and 300 nm 
cells respectively. The IPCE plots show similar spectral response, in terms of the shape, at 
almost all crystallisation energy densities except for 140 mJcm2 and 160 mJcm*2 of 150 nm 
thick cells, where a collection mechanism is not present. Three distinct peaks can be 
identified for the devices at 330 nm (3.75 eV), 380 nm (3.26 eV) and 475 nm (2.61 eV) 
wavelengths. It is suggested that the 3.75 eV peak is due to ITO, where the band gap energy 
is around 3.5 eV. (Kim et al, 1999) The other two peaks are expected to be arising from 
extended states transitions of the disordered absorber layer. The best IPCE corresponds to 
cells fabricated after crystallising at 40 mJcm'2, with a maximum of 70%, at 475 nm (2.6 
eV) of the spectrum for 150 nm cells. This figure increases to 80% for 300 nm films,
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however, at a crystallisation energy of 120 mJcnf2. For non-laser treated a-Si:H cells this 
value was measured to be 30% and 35% for 150 nm and 300 nm cells, respectively, 
occurring at the same wavelength. For 150 nm intrinsic layer cells, this IPCE is significant, 
compared to the previously reported maximum quantum efficiencies close to 80% for a- 
Si:H Schottky barrier solar cells with 250 nm intrinsic layer. (Gutkowicz-Krusin, 1981)
In order to investigate the operating condition when used for photo-generation, the 
IPCE of the cells were calculated with bias light. Here, bias light intensity was kept at one 
tenth of AM 1.5 intensity. Figures 8.10 (b) and 8.11 (b) shows the IPCE of each cell with 
bias light, for 150 nm and 300 nm intrinsic layer cells respectively.
For 150 nm cells, the peak IPCE reduces to 50% with bias light for cells made with 
40 mJcm'2 crystallisation energy density. However, the two local minima associated with 
the local peaks identified for the non-biased case, show drastic attenuation, resulting in 
changing the shape of spectral response. For 300 nm cells, a similar trend is observed, 
however, with cells prepared using 40 mJcm"2 crystallisation energy density performing 
better than cells made at 120 mJcm'2. The change of the shape of IPCE plots are also 
observed for 300 nm cells as well, with local minima becoming significant. From these 
observations, it can be seen that the cells with better IPCE are cells made using 40 mJcnf2 
crystallisation energy density for both 150 and 300 nm intrinsic layer Schottky barrier 
devices. 40 mJcm'2 was the lowest energy density utilised for the fabrication of devices. In 
order to determine the reasons for better IPCE from these devices, several aspects need to 
be discussed.
From figure 8.2, it can be seen that the crystalline volumes of these layers are 
insignificant. Also, the Tauc gap of silicon films crystallised at 40 mJcm'2 show no 
significant change from their initial values. Effect on surface roughness is also insignificant 
compared with the initial a-Si:H, which is clearly evident from figure 8.4. Therefore, the 
possibility of enhanced light trapping at the back surface, when illuminated through glass 
superstate can be eliminated as a source for better IPCE. However, it is recalled from the 
discussion in chapter six, that the dark conductivities of excimer laser crystallised silicon 
show a significant improvement, even at low energy densities. Therefore, the better 
collection efficiency for the devices made with 40 mJcnf2 must be due to modification of 
the back contact assembly, which is n+ a-Si:H followed by chromium, rather than due to 
conversion of a-Si:H intrinsic layer to excimer laser crystallised silicon. Based on this
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argument, the band diagram for Schottky barrier cells fabricated at 40 mJcm"2 was 
formulated. Figure 8.12 shows the band structure.
300 400 500 600 700 800
Wavelength (nm)
Figure 8.10: Incident photon conversion efficiency o f 150 nm thick intrinsic layer 
Schottky barrier cells with (b) and without (a) bias light.
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Figure 8.11: Incident photon conversion efficiency o f300 nm thick intrinsic layer 
Schottky barrier cells with (b) and without (a) bias light.
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Figure 8.12: Band structure applicable to both 150 nm and 300 nm intrinsic layer 
Schottky barrier cells, fabricated after at a crystallisation energy density o f  40 mJcm2.
The lower IPCE of 300 nm intrinsic layer cells compared with the 150 nm cells is 
explained as follows. The photo-generated carriers upon illumination start to travel to their 
respective electrodes under drift, due to the electric field experienced. However, towards 
the back contact which is considerably further away from depletion region, the electric field 
gradient is so low, diffusion will dominate transport. This effect will be prominent for 300 
nm devices, resulting in lower IPCE.
8.5 Output Characteristics and Benchmarking
Output characteristics of the Schottky barrier cells were measured under AM 1.5 
simulated sunlight. Figure 8.13 illustrates the photovoltaic output characteristics of the 150 
nm intrinsic layer devices. Short circuit currents and the open circuit voltages of the devices 
were read directly from the current-voltage plots. The fill factors and efficiencies of the 
devices were calculated using equations 2.5 and 2.6 respectively, using the extracted values 
of maximum power point of the current-voltage curve. The operational parameters of 150 
nm intrinsic layer cells are tabulated in table 8.1.
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Figure 8.13: Output characteristics o f  150 nm intrinsic layer Schottky barrier solar 
cells under AM  1.5 simulated sunlight.
From table 8.1, it can be seen that although the devices show encouraging IPCEs, 
the power conversion efficiencies are very low. Fill factors of the devices are low, which 
results in reducing the efficiencies. The current-voltage characteristics have deviated 
drastically from the ideal case, which shows that the devices are non-ideal, with high series 
resistances ( R j  and finite shunt resistances (Rp). In order to quantify these parameters,
several analytical techniques were utilised.
Laser Energy V o c Jsc Fill Factor Efficiency
Density (mJcm'2) (V) (mAcm'2) (%) (%)
0 0.36 0.08 8.0 0.00
40 0.38 2.15 13.2 0.11
60 0.30 0.53 15.4 0.02
80 0.29 0.85 16.4 0.04
100 0.15 0.33 23.4 0.01
Table 8.1: Photovoltaic parameters for 150 nm thick intrinsic layer Schottky barrier cells.
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The ideality factors of the devices were calculated by approximating equation 8.1 
to be J  » J 0 exp(qVF /nkT)  for VF > 3kT/q using the dark current-voltage 
characteristics. The series resistances were calculated using two techniques. Initially, the 
high field (> 10’ Vcnv1) forward dark current-voltage plot was used to calculate Rs
(Schroder, 1998). However, due to the high series resistances of the devices, a detailed 
analysis was done using a modified Norde’s technique. (Norde, 1979, Ciblis and Buitrago, 
1985) The method uses a function F(V) defined as given in equation 8.4, where VA is an 
arbitrary voltage, which yields a minimum for F(V).
F ( V )  =  V - V M i )  ( 8 . 4 )
It has been shown that the forward currents corresponding to these minima (I0) for a set of 
VA have a linear relationship. From the plot of I0 vs. VA, R s can be extracted. Figures 8.14
and 8.15 illustrate a sample calculation, performed with forward biased current-voltage 
characteristics of 150 nm Schottky barrier cells fabricated at 40 mJcm'2. Due to the very 
high resistances and the non-ideal nature of diodes, attempts were not made at calculating 
Rs under photo-generation.
Shunt resistances were estimated from the photovoltaic characteristics, as 
suggested by the five point method. (Chan et al, 1985) Table 8.2 shows the extracted 
parameters for 150 nm thick intrinsic layer Schottky barrier cells.
Laser Energy 
Density (mJcm'2)
Ideality
Factor
Series Resistance (MD) Shunt 
Resistance (kD)
Method 1 Method 2
0 2.6 0.5 400 613
40 1.4 0.1 10 43
60 1.8
1
7.0 58 130
80 1.7 1.0 38 99
100 1.7 0.6 28 198
Table 8.2: Device parameters o f 150 nm thick intrinsic layer Schottky barrier cells.
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Figure 8.14: Plot o f  F(V) vs. Voltage, fo r  the extraction o f  current corresponding to minima, 
(Ciblis and Buitrago, 1985) fo r  150 nm thick intrinsic layer Schottky diodes fabricated at 40
mJcm '. The inset tabulates VAand Iq.
Va(V)
Figure 8.15: Plot o f l0 vs. VA and the linear f i t  fo r  150 nm thick intrinsic layer Schottky 
diodes fabricated at 40 mJcm2. Reciprocal o f slope equals to the series resistance o f  the
diode.
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From table 8.2, it can be seen that the series resistances for the devices fabricated at 
all energy densities are very high. The a-Si:H devices show the largest Rs, indicating that 
the series resistance is dominated by the resistance of the bulk of the semiconductor, as 
opposed to contact resistances at the front and the back. It is noted that, for a-Si:H devices, 
the values of Rs from the two methods used have a discrepancy of three orders of 
magnitude. This is proposed to be due to inappropriateness of the methods used to calculate 
Rs for these devices, which show very poor diode characteristics due to the intrinsic nature 
of a-Si:H. With excimer laser crystallisation, Rs reduces, due to increase of conductivity. 
However, since these first set of devices are small area (~ 0.2 mm2) devices, the resistances 
are higher, resulting in very low currents. Shunt resistances are finite as well, with values in 
kf2 range for 150 nm cells, while for 300 nm cells ranging from kQ to MG values. The 
ideality factors of the 150 nm diodes are within a reasonable limit (< 2.0) with the 
fabrication techniques used. However, for 300 nm cells, the ideality factors are greater than 
2.0. Coupled with the low built in potential of Schottky devices compared with p-n or p-i-n 
devices, the series and shunt resistances of the devices result in poor performance.
Figure 8.16 shows the output characteristics of 300 nm intrinsic layer Schottky 
barrier cells. The same analysis techniques used for 150 nm intrinsic layer cells were used 
to evaluate 300 nm cells as well.
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Figure 8.16: Output characteristics o f 300 nm intrinsic layer Schottky barrier solar 
cells under AM  1.5 simulated sunlight.
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Laser Energy 
Density (mJcm2)
V o c
( V )
Jsc
(mAcm'2)
Fill Factor
(%)
Efficiency
(%)
0 0.03 0 . 0 0 1 25.7 0 . 0 0
40
1
0.35 0.704 10.0 0.02
80 0.25 0.438 18.9 0.02
120 0.20 0.045 35.0 0 . 0 0
160 0.20 0.008 21.5 0 . 0 0
1
200 0.15 0.066 36.5 0 . 0 0
Table 8.3: Photovoltaic parameters fo r  300 nm thick intrinsic layer Schottky barrier cells.
Table 8.3 shows the photovoltaic parameters of 300 nm intrinsic layer Schottky barrier 
devices. It is quite evident that these devices also perform very poorly, at an even lower 
level compared with 150 nm cells. This is due to double thickness of the intrinsic layer, as 
explained earlier. The device parameters of the 300 nm Schottky barrier devices are shown 
in table 8.4. Very high series resistances are the salient feature of these devices as well, 
resulting in dismal output parameters.
Laser Energy 
Density (mJcm 2)
Ideality
Factor
Series Resistance (MQ) Shunt 
Resistance (kQ)
Method 1 Method 2
0 2.0 826 2500 0.2
40 2.2 3 20 0.1
80 2.4 17 84 0.2
120 2.1 7
_
28 3.0
160 3.3 5 36 10.0
200 4.5 2 41 31.0
Table 8.4: Device parameters o f300 nm thick intrinsic layer Schottky barrier cells.
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8.6 Summary
Schottky barrier solar cells were fabricated and characterised in order to investigate 
the behaviour of excimer laser crystallised intrinsic layers. To establish the crystallanity and 
optical characteristics, material characterisation of the excimer laser crystallised films were 
performed, before the completion of device fabrication. Detailed analysis of the devices 
was performed after device fabrication, using electrical characteristics. The devices show 
encouraging performances on IPCE, however at low photon densities. With higher photon 
densities, even at an intensity of one tenth of AM 1.5, the IPCE reduces drastically. 
Possibility of graded band gaps within the absorber layer for maximum light harvesting was 
identified. The photovoltaic performances of the devices were poor, due to high series 
resistances and finite shunt resistances. For further investigations, larger area devices need 
to be fabricated, in order to collect larger currents and to aid in series resistance reduction.
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9  P a r t i a l l y  C r y s t a l l i s e d  T h i n  S i l i c o n  p - i - n  
S o l a r  C e l l s
9.1 Introduction
Attempts were made to fabricate p-i-n solar cells with stratified excimer laser 
crystallised silicon as the absorber layers, p-i-n devices are preferred in the case of a-Si:H, 
due to the low diffusion length of carriers. Since the partial melting regime of excimer laser 
crystallisation results in a stratified structure with varying properties, with an unconverted 
a-Si:H layer at the bottom, p-i-n structures are more appropriate for photovoltaic 
applications. A four stage methodology was adopted to fabricate the devices and a top 
down approach was used to analyse the performance. It is expected that optimisation of 
these devices would lead to a firm conclusion as to the feasibility of excimer laser 
crystallisation for photovoltaics.
9.2 Experimental Details
Device fabrication was performed as a four stage process. PECVD grown heavily 
doped p-type hydrogenated amorphous silicon carbide (p+ a-SiC:H), (-12 nm)/undoped a- 
Si:H, (400 nm) structures deposited on ITO (500 nm) coated glass substrates were obtained 
from a commercial producer, for the experiments. The wide band gap (~2.2 eV) p+ a-SiC:H 
layer is expected to minimise absorption of photons with lower energy within this heavily 
doped layer which has a high recombination rate for photo-generated carriers.
In the second step, the intrinsic layers were excimer laser crystallised in the partial 
melting regime, after covering the sample with a copper shadow mask, which was patterned 
to have 4 mm diameter circular openings.
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The masking was to ensure that the area surrounding the device remained intrinsic 
and amorphous. The homogenised, semi-Gaussian beam profile used for crystallisation was 
10 mm along the Gaussian, scanned direction and 4 mm across, with a scan speed of 2.5 
mms'1, at a pulse repetition rate of 50 Hz. The overlap between two scan lines was kept at 
10 %  of the beam width. A series of laser energy densities was used for the crystallisation 
from 25 to 200 mJcm'2, in steps of 25 mJcm"2. The recipe results in a shot density of 200 
and the ambient was kept at 0.05 Pa vacuum.
Fabrication of n* layer was achieved by means of a laser doping process during the 
third stage. A 4 nm thick phosphorus layer was deposited onto the excimer laser 
crystallised intrinsic layer, with the copper mask intact. The deposition was done using 
laser ablation, at an energy density of 5 Jem"2 resulting in a deposition rate of 1 nm per ten 
laser shots to the target. The samples were then laser irradiated again at 50 mJcm"2 for 
doping. In the last stage, sputtered aluminium contacts were made to the rf  layer and front 
contact to the exposed ITO. Figure 9.1 shows a schematic of the device structures 
fabricated.
The crystalline volume fractions of the excimer laser crystallised intrinsic layers 
were estimated from Raman spectroscopy, before sputtering the back contacts. The devices 
were analysed using their output characteristics, testing them directly for performance 
under AM 1.5 simulated light.
Al Contact
Laser doped n* a-Si:H
Excimer Laser Crystallised 
Silicon
Al Contact p+ a-SiC:H
ITO
Glass Superstrate
Figure 9.1: Schematic of p-i-n solar cells fabricated with excimer laser process.
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9.3 Material Characteristics
In order to obtain a rough estimation of how crystalline the intrinsic layers were 
after excimer laser treatment, Raman spectroscopic data was used as discussed in detail, in 
chapter six.
It can be seen from figure 9.2 that at 50 mJcm'2, the crystalline volume fraction is 
3%, corresponding to a ~ 12 nm crystallised depth. Therefore, 50 mJcm'2 was selected as 
the energy density suitable for laser doping, during the third phase of the device fabrication 
procedure. It is expected that a highly doped n-layer of ~ 10 nm is formed from this 
process. The Xc increase with the increase of laser energy density, as has been previously 
shown. At the maximum energy density used for this experiment, which is 200 mJcm'2, half 
of the intrinsic layer is crystallised, which should consist of a large-grained and a fine­
grained layers of crystalline silicon. Based on this information, a band structure for the 
excimer laser crystallised silicon intrinsic layer p-i-n device is proposed. Figure 9.3 shows 
the proposed band structure, which is not drawn to scale. The heavily doped p-type layer is 
expected to make a near ohmic contact to the ITO front contact, whereas the heavily doped 
n-type layer is expected to make a near ohmic contact to the aluminium back contact, which 
has a lower work function compared with silicon.
Laser Energy Density (m Jcm'2)
Figure 9.2: Variation of crystalline volume fractions of excimer laser crystallised silicon 
intrinsic layers (400 nm) with increasing laser energy density.
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p-type Excimer Laser Crystallised Intrinsic Layer n-type
Figure 9.3: Proposed energy band diagram for p-i-n devices. Band gap o f the excimer 
laser crystallised silicon is variable (Not drawn to scale).
9.4 Output Characteristics
The device output characteristics were measured under AM 1.5 simulated sunlight. 
Figure 9.4 shows the output current-voltage plots of the series of devices. Table 9.1 shows 
the photovoltaic parameters extracted from the output characteristics. Up to a crystallisation 
energy density of 100 mJcm'2, the open circuit voltages are ~ 0.6 V , as expected for 
nanocrystalline silicon devices (Green et al., 2003). However, beyond 100 mJcm'2, the open 
circuit voltages drop drastically, resulting in even poorer performance of the devices. From 
figure 9.2, it can be seen that the Xc at this critical energy density is ~ 30 % . At 175 and 200 
mJcm'2, the diode characteristics are completely lost, and the devices become just a 
semiconductor with two ohmic contacts. Short circuit currents of the devices are also at the 
lower end of reported values for nanocrystalline silicon solar cells (Green et al., 2003). The 
high series resistances and the finite shunt resistances result in very poor fill factors of the 
devices, resulting in dismal power conversion efficiencies. Table 9.2 shows the calculated 
values for series and shunt resistances of the devices. The calculations were performed with 
the same methodologies explained in chapter 8.5.
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Figure 9.4: Output characteristics o f p-i-n solar cells with excimer laser crystallised 
intrinsic layer measured with AM  1.5 simulated sunlight.
Laser Energy V o c Jsc Fill Factor Efficiency
Density (mJcm'2)
( V ) (mAcm‘2) (%) (%)
25 0.60 1.20 3 0.02
50 0.60 1.40 3 0.02
75 0.60 1.68 6 0.06
100 0.55 1.32 6 0.04
125 0.30 1.68 4 0.02
150 0.25 1.76
_ _
3 0.01
175 0.20 1.20 20 0.00
200 0.00 1.36 - -
Table 9.1: Photovoltaic parameters fo r  excimer laser crystallised silicon p-i-n solar cells.
Compared with the series resistances of the Schottky barrier cells, the series 
resistances of the p-i-n devices are lower by three orders of magnitude, however, too high
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for solar cells. The improvement is mainly due to better fabrication and contact procedures 
adopted for the fabrication of p-i-n devices. However, the shunt resistances are also lower, 
compared with Schottky barrier solar cells. This has proven to be a serious drawback of the 
process adopted and modifications are vital in order to minimise leakage currents.
Laser Energy 
Density (mJcm'2)
Series Resistance 
(kO)
Shunt Resistance 
(kfl)
25 155.0 1.9
50 31.5 1.9
75 2.0 2.5
100 2.0 2.9
125 2.8 1.5
150 2.8 1.5
175 2.8 110
200 - -
Table 9.2: Device parameters o f  excimer laser crystallised silicon p-i-n solar cells.
9.5 Summary
Attempts were made to fabricate p-i-n device structures, with pre-fabricated 
glass/ITO/p+ a-SiC:H/a-Si:H structures. The intrinsic layers were crystallised using excimer 
laser and the n-type layer at the back was formulated by annealing a laser ablated 
phosphorus layer using the same excimer laser. The excimer laser crystallised films were 
investigated by Raman spectroscopy to determine the crystalline volume fractions, and 
aluminium contacts were made afterwards, by sputtering. The devices were tested under 
AM 1.5 simulated sunlight. The devices show poor output characteristics, and at higher 
energy densities, which results in crystalline volumes greater than a third of the thickness of 
the intrinsic layer starts to loose the diode characteristics. The devices have small shunt 
resistances, resulting in high leakage currents. Improving the shunt resistance should be the 
next step of investigations.
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1 0  C o n c l u s i o n s
The importance of renewable energy sources for sustainable energy supply to the 
world is clearer than ever, and photovoltaics have a major role to play. Efficient, cheap and 
environmentally friendly photovoltaic devices are highly sought after. Although a vast 
array of technologies is explored for this purpose, silicon solar cells still lead the 
photovoltaic market. However, the cost of energy from photovoltaics is still too high to 
compete with conventional sources. This situation has prompted researchers to tiy to 
optimise silicon based photovoltaics, which has the advantages of availability, 
environmental friendliness and the broad knowledge base due to the microelectronic 
industry. Silicon photovoltaic industry has two broad technologies based on crystalline 
silicon and thin film silicon. Crystalline silicon photovoltaics are highly efficient, however 
very expensive to produce. Thin film silicon photovoltaics, mainly a-Si:H devices, show 
moderate efficiency, but cheaper to produce. Thin film silicon technologies are large area 
technologies, which also posses the potential to be fabricated onto various types of useful 
simple substrates. Therefore, an attempt was made to blend the advantages of both 
crystalline silicon and thin film silicon technologies one compound technology.
Excimer laser crystallisation was identified as a possible technique to convert a- 
Si:H, into thin film crystalline silicon. Excimer lasers which operate in UV, in this case at 
248 nm, are specifically preferred for crystallisation of a-Si:H, due to the high UV 
absorption coefficient of a-Si:H. The laser energy is absorbed into the material within a few 
nanometres, preventing any thermal damage to the substrate.
Excimer laser crystallisation has been studied extensively for the past two decades 
for thin film transistor applications. However, the film thicknesses employed by the 
microelectronic industry is about 100 nm, which is too thin for adequate light harvesting. 
Comparatively thicker films are necessary for photovoltaics, in the order of one micron. 
Since a-Si:H absorbs UV energy within a few nanometres, crystallisation of thick a-Si:H
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films above 300 nm become an interesting problem. It has been established that, if the 
initial a-Si:H film melts only partially upon laser irradiation, a stratified structure of large- 
grained nanocrystalline silicon followed by a fine-grained nanocrystalline layer is formed. 
Depending on the thickness of the film and laser energy density, an unconverted a-Si:H 
layer may also be present at the bottom.
As the first part of the project, investigations on material characteristics were 
carried out. The thickness dependence of structural, optical and electrical properties of 
excimer laser crystallised silicon under the partial melting regime was investigated, using 
100, 300 and 500 nm thick PECVD grown initial a-Si:H. The achievable level of crystalline 
volumes at each energy density were determined using Raman spectroscopy. It is concluded 
that it is not possible to convert a-Si:H films thicker that 300 nm completely to 
polycrystalline silicon at 248 nm wavelength, without utilising laser energy densities in 
excess of 300 mJ/cm"2. Stratification of 300 nm and 500 nm films under a partial melting 
regime was confirmed from FRS analysis, based on the hydrogen depth profiles. Although 
the Tauc gaps of compound material were investigated using optical transmission 
spectroscopy, the presence of different levels of hydrogen in different sized crystallite 
layers is suggested to be resulting in different optical and electronic properties in each 
layer. Hence, this structure is identified as a potential multi photon absorber, provided the 
complexities in transport and collection are solved.
Surface roughening due to excimer laser crystallisation has also been well 
established. Surface roughness of films crystallised under partial melting regime was 
determined using AFM. The surface roughness due to excimer laser crystallisation is 
proposed as a low cost surface texturing mechanism for photovoltaic applications.
Dark conductivities of the films increase upon excimer laser crystallisation, which 
has been the major attraction for microelectronic industry. For thick films undergoing 
partial melting also show increasing dark conductivities with the increase of crystallisation 
energy density. However, this may not necessarily be an advantage, due to introduction of 
finite shunt resistances, which degrades the optimum operation of a device made using 
these materials.
It was observed that for 100 nm thick films, a range of energy densities exist, that 
yields enhanced band gaps compared with initial a-Si:H. TEM analysis confirm the 
stratified nature of the nanocrystalline thin silicon films. It was confirmed that this band 
gap enhancement is associated with a physical parametric change, rather than an impurity
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variation, using EELS analysis. The enhancement is proposed to arise from the relative 
hydrogen content variation in the matrix and/or quantum confinement effects of small 
nano-crystallites embedded in the fine-grained nanocrystalline layer. Potential applications 
are in electronics and solar cells, for which characterisation specific to the application is 
necessary.
Effects of post crystallisation hydrogenation on excimer laser crystallised silicon 
was investigated using Raman spectroscopy, optical transmission spectroscopy and dark 
conductivity measurements. Furnace annealing in hydrogen was employed as the method of 
hydrogenation. Furnace annealing alone results in improved crystalline volumes of excimer 
laser crystallised silicon. Hydrogenation has the same effect on crystalline volume and is 
argued to be due to annealing rather than addition of hydrogen. The effects on Tauc gap is 
negligible from post crystallisation hydrogenation. Dark conductivities of excimer laser 
crystallised silicon increase upon hydrogenation, for films undergoing crystallisation above 
the threshold energy density for surface melting.
After investigations on material characterisation, the simplest photovoltaic device, 
Schottky barrier solar cells, were fabricated using excimer laser crystallised silicon. 150 nm 
and 300 nm thick intrinsic excimer laser crystallised layers were used for the devices. For 
150 nm Schottky barrier cells fabricated at very low energy density, 40 mJcnf2, resulted in 
high IPCE, at low photon densities. However, at higher photon densities, the IPCEs are not 
as attractive as the previous case. For 300 nm devices, cells fabricated at 120 mJcm'2 
showed the best performance in terms of IPCE at low photon densities. However, cells 
fabricated at 40 mJcm'2 resulted in better performance, at higher photon densities. The 
photovoltaic performance of all the devices were below expectations, mainly due to high 
series resistances and finite shunt resistances, coupled with the low built-in field of 
Schottky barrier solar cells. The device sizes used were too small for good photovoltaic 
characterisation, which is one of the reasons for high series resistance. It is expected that 
larger area devices would perform better, even under the same fabrication techniques.
p-i-n device structures were fabricated to evaluate the performance of the layered 
excimer laser crystallised silicon used as the intrinsic layers. A four stage fabrication 
methodology was used, starting with glass/ITO/p+ a-SiC:H/a-Si:H structures obtained from 
a commercial producer. A laser doping technique was successfully employed for the doping 
of the material, after excimer laser crystallisation. The device performance however was
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poor, even though lower series resistances were achieved, compared to Schottky barrier 
solar cells. The resultant series resistances are still too high for optimal performance.
Shunt resistances of the devices were very low, compared with the Schottky barrier 
devices. At higher energy densities which are capable of converting more than third of the 
thickness of the intrinsic layer into crystalline silicon, the layer conductivities are too high 
and results in loss of rectifying behaviour. Therefore, it is concluded that the benefits of 
excimer laser crystallisation for photovoltaics lies in lower energy density crystallisation 
regimes. Optimisation of the device fabrication methodology is necessary for further 
investigations on this topic.
10.1 Further Research
The focus of this thesis was on the use of partially melted and crystallised thin film 
silicon for photon harvesting in photovoltaics. In order to evaluate the performance of the 
use of the technique, several further research avenues can be identified.
Due to the sensitivities in device fabrication, an in-situ excimer laser crystallisation 
setup would be the ideal case. With such a setup, the intrinsic absorber layer of the p-i-n 
diode can be crystallised before the n-type a-Si:H deposition, which would eliminate the 
vacuum break, which is experienced with the method currently employed. Also, the gas 
phase doping is an established technology, with a large knowledge base.
In the event of laser doping, the process of fabricating the n-type layer at the back 
can be optimised. Possibility of doping, activation and crystallisation of the n layer in a 
single process step can be a very attractive technique, if proper control of dopant diffusion 
length and concentration is achieved. An in-depth cross sectional TEM analysis along with 
EELS would be able to find the best conditions for laser doping.
Post-crystallisation hydrogen passivation was investigated for the improvement of 
material quality of excimer laser crystallised silicon. Alternatively, in-situ hydrogen 
passivation at the crystallisation stage can be explored as a technique to improve material 
properties. It is proposed that, performing excimer laser crystallisation in a hydrogen 
atmosphere would passivate the resulting layered nano-polycrystalline silicon.
The use of the partial melting regime for crystallisation is primarily dictated by the 
available energy density of the excimer laser unit and the beam delivery optics. However, 
recent progress in excimer laser technology has resulted in large area high power excimer
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lasers. The effects of higher energy densities on excimer laser crystallisation above 300 
mJcnf2 can be explored. However, modification of the beam delivery system to the 
annealing chamber will be necessaiy, in order to realise a smaller beam size at the sample 
plane, increasing the intensity. Higher energy densities are expected to result in increased 
ablation of the material, resulting in very rough surfaces. Considerable fraction of the film 
surface would ablate, which would be an interesting study, in terms of light trapping 
applications.
With the optimum device structures employing excimer laser crystallised silicon, 
light soaking experiments are proposed. A layered structure might prove to be effective in 
reducing the light degradation of the efficiency of a-Si:H solar cells. The experiment can be 
performed with concentrated solar radiation, which is the common approach for light 
soaking.
It is recalled that, 100 nm thick nanocrystalline silicon with enhanced band gaps 
was obtained from partially melting a-Si:H using the excimer laser at specific energy 
densities. These materials may have the potential for additional applications, apart from 
photovoltaics. Further study on these films is proposed starting with a low temperature 
photo-luminescence analysis.
The 248 nm excimer laser can be employed to change properties of various thin 
films of materials apart from a-Si:H. Nanostructuring of nickel for catalytic growth of 
carbon nanotubes using excimer laser has already been demonstrated. (Henley et al., 2004) 
The use of excimer laser to change material properties of gallium nitride and silver 
embedded silicon dioxide for field emission has been initiated and needs further analysis on 
device performance.
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